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1.0  SUMMARY 

This  meeting  provided  a  forum  for  technical  interchange  between  insensitive  munitions  policy 
makers  from  the  North  American  Treaty  Organization  (NATO)  countries  and  the  research  and  development 
technologists  of  the  Advisory  Group  for  Aerospace  Research  and  Development  (AGARD).  The  objectives 
of  the  meeting,  which  are  described  below,  were  achieved.  It  was  also  concluded  that,  although  not  all 
countries  have  insensitive  munitions  policies,  they  all  support  insensitive  munitions,  at  least  in  principle, 
and  that  a  great  deal  of  additional  work  needs  to  be  conducted  to  accurately  predict  from  small-scale  tests  the 
response  of  full-scale  munition  to  hazard  stimuli. 


2.0  INTRODUCTION 

The  objectives  of  this  specialist  meeting  were  as  follows:  (a)  review  the  insensitive  munitions 
policies  of  the  NATO  member  nations,  (b)  discuss  the  status  and  results  of  research  and  development 
programs  in  the  member  nations  that  address  insensitive  munitions,  (c)  identify  new  ideas  for  research,  and 
(d)  stimulate  interchange  and  communication  between  research  and  development  scientists  within  member 
countries  who  are  addressing  insensitive  munitions.  This  meeting  was  very  timely  and  addressed  an 
important  NATO  issue,  in  light  of  the  recent  initiative  by  the  Conference  of  National  Armaments  Directors 
(CNAD)  to  develop  a  NATO  Insensitive  Munitions  Information  Center  (NIMIC)  in  Brussels  in  1991 . 

NATO  policy  and  technical  specialists  in  the  following  areas  were  represented:  (a)  insensitive 
munitions  requirements  and  policy,  (b)  high  explosives,  (c)  gun  propulsion,  (d)  rocket  propulsion,  and  (e) 
energetic  materials  and  physical  phenomena  research.  The  meeting  involved  twenty  four  papers,  plus  a 
keynote  address,  and  was  organized  in  the  following  categories: 

•  Insensitive  munitions  policy 

•  Explosives  and  gun  propulsion 

•  Rocket  propulsion 

•  Physical  phenomena  associated  with  insensitive  munitions. 


3.0  BACKGROUND 

More  than  6000  people  have  been  killed  during  this  century  as  a  result  of  hazards  created  by 
munitions  responding  to  unplanned  stimuli  such  as  heat  or  shock.  The  largest  of  such  events  was  the 
collision  of  a  Belgium  boat  with  a  French  cargo  ship  loaded  with  ammunition  in  the  harbor  of  Halifax, 
Nov?  Scotia,  Canada,  on  12  December  1917,  which  resulted  in  approximately  5000  deaths  (Reference  1). 
In  response  to  these  accidents,  several  NATO  countries  initiated  the  definition  of  requirements  and  policies 


addressing  insensitive  munitions.  The  NATO  Group  AC/310,  one  of  six  cadre  groups  under  CNAD,  was 
formed  in  1979  to  address  the  need  for  standardization  of  weapons  systems,  with  emphasis  on  energetic 
materials.  Specifically,  NATO  Group  AC/310  was  tasked  to  establish  a  common  international  terminology 
and  develop  design  principles,  criteria,  procedures,  and  tests  to  cover  all  aspects  of  the  process  by  which 
weapons  systems  are  assessed  to  be  safe  and  suitable  for  service.  Propulsion  and  ordnance  systems, 
therefore,  are  only  one  of  the  NATO  Group  AC/310's  responsibilities  (Reference  2). 

NATO  Group  AC/310  envisioned  the  need  for  a  mechanism  to  disseminate  information  within 
NATO  member  countries  and  hosted  a  workshop,  entitled  "Insensitive  Munitions  Information  Exchange," 
in  1986  (Reference  3).  This  workshop  confirmed  the  need  and  justification  for  an  insensitive  munitions 
information  exchange  system  within  NATO.  In  1988,  NATO  Group  AC/310  established  a  Pilot  NATO 
Insensitive  Munitions  Information  Center  (PNIMIC)  to  validate  and  justify  the  need  and  operational  concept 
of  this  information  exchange  system.  The  PNIMIC  was  successful,  and  the  formal  NATO  Insensitive 
Munitions  Information  Center  (NIMIC)  was  established  in  May  1991  in  Brussels,  Belgium  (1).* 

At  about  the  same  time  that  NATO  Group  AC/310  was  addressing  the  insensitive  munitions 
information  exchange  mechanism,  AGARD  became  interested  in  the  technology  associated  with  alleviating 
the  hazards  of  energetic  materials  and  its  application  to  propulsion  systems  and  warheads.  In  1984, 
AGARD  hosted  a  Conference  entitled  "Hazards  Studies  for  Solid  Propellant  Rocket  Motors"  (Reference  4). 
During  this  meeting,  technical  interactions  between  AGARD  and  NATO  standardization  activities  provided 
the  basis  for  improved  hazard  methodologies  to  be  used  in  the  design  of  future  solid  propellant  rocket 
motors.  In  addition,  a  basis  was  provided  for  new  research  and  development  topics  to  be  addressed  by  the 
different  NATO  countries  interested  in  the  development,  production,  and  operation  of  high-energy,  solid 
propellant  rocket  motors. 

The  second  conference,  in  1986,  focused  on  smokeless  propellants  (Reference  5).  It  highlighted 
the  severe  problems  encountered  by  propellant  formulators  in  trying  to  develop  insensitive  smokeless 
propellants,  while  maintaining  performance.  The  need  for  an  "  jARDograph"  (Reference  1)  to  document 
the  status  of  hazard  studies  within  NATO  member  nations  was  identified  at  the  conference. 


4.0  EVALUATION 

Rear  Admiral  Meinig's  (U.  S.  Naval  Sea  Systems  Command)  keynote  address  reemphasized  the 
need  for  insensitive  munition  requirements  and  international  research  collaboration  which  would  result  in 
better  solutions  reached  in  a  shorter  time.  The  U.S.  Joint-Service  Insensitive  Requirements,  and  desired 
munition  response,  were  reiterated.  Munitions  should  satisfactorily  pass  the  following  hazard  tests:  fast 
cookoff,  slow  cookoff,  fragment  attack,  bullet  impact,  sympathetic  detonation,  spall  attack,  and  shape 
charge  attack.  It  was  emphasized  that  the  requirement  for  ammunition  to  pass  these  hazard  tests  must 
compete  with  other  system  requirements,  such  as  cost  and  performance;  all  requirements  must  interact  to 
optimize  the  overall  system  and  meet  the  users'  needs.  The  keynote  address  focused  the  attention  of 
conference  attendees  to  the  need  for  insensitive  munitions  and  the  need  to  share  information  in  order  to  more 
rapidly  solve  problems. 

The  four  major  sessions  of  the  conference  are  discussed  and  evaluated  in  the  following  sections. 


*  Number  in  parentheses  refers  to  paper  number  in  the  meeting. 
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4.1  Insensitive  Munitions  Policy 

This  session  contained  four  papers  which  addressed  insensitive  munitions  policies  and  information 
exchange  procedures  practiced  by  various  member  nations.  The  paper  presented  by  Defoumeaux  (1)  gave  an 
excellent  overview  of  the  history  of  PNIMIC  and  NIMIC,  as  well  as  informing  the  attendees  on  how  to  add 
information  to  NIMIC's  database  and  have  NIMIC  conduct  literature  searches  on  spec;/".c  insensitive 
munition  subjects. 

Shepard  (2)  stated  that  the  U.K.  has  no  formal  statute  on  insensitive  munitions;  however,  it  has  a 
Joint  Insensitive  Munitions  Working  Group  that  tries  to  meet  performance  and  readiness  requirements  with 
the  least  sensitive  munition.  Even  without  a  formal  requirement,  the  U.K.  has  a  policy  to  analyze  and 
study  vulnerability  and  its  trade-off  against  weapon  system  cost  and  effectiveness. 

Saliou  (3)  presented  France  s  requirements,  which  are  quite  similar  to  U.S.  requirements,  except  for 
spall  attack,  which  France  does  not  have.  France's  insensitive  munition  reponse  requirements  are  defined  as 
follows:  (a)  no  reaction  except  burning  for  fast  cookoff,  drop,  bullet  impact,  and  light  fragment  attack;  (b) 
no  detonation  response  for  heavy  fragment  attack  and  sympathetic  detonation;  and  (c)  no  specified  response 
slow  cookoff. 

The  final  paper,  of  this  session,  by  Lamy  (4)  addressed  trade-off  studies  for  projectile  explosives 
and  propellants.  It  was  found  that  combustible  cases,  in  place  of  metallic  cases,  reduce  the  sensitivity  of 
shells  when  exposed  to  the  required  hazard  tests.  Data  on  high  explosives  (pressed  PBXs)  with 
triaminotriniirobcnzene  (TATB)  showed  reduced  sensitivity,  but  also  markedly  reduced  performance.  Some 
very  interesting  data  presented  indicated  that,  if  the  design  of  a  system  allows  the  projectile  penetrating 
energetic  material  to  stay  ahead  of  the  shock  wave,  then  a  detonation  will  not  result  from  bullet  impact  or 
fragment  attack.  Lamy  also  reiterated  that  a  balance  between  performance,  vulnerability,  and  cost  has  to  be 
achieved. 


4.2  Explosives  and  Gun  Propulsion 

The  second  session  addressed  explosives  and  gun  propellants  and  contained  six  papers.  The  paper 
by  Jenus  (5),  presented  by  Day,  described  the  U.S.  Air  Force  program  for  techniques  to  reduce  Lhe 
quantity/distance  requirements  for  bombs  in  mass  storage;  this  wou'd  result  in  significant  increases  in 
combat  effectiveness  at  airfields.  By  using  buffer  materials  between  the  stacks  of  bombs,  the  packing 
density  of  the  bombs  could  be  doubled.  These  buffer  materials  could  even  be  other  types  of  ammunition, 
such  as  boxes  of  25 -mm  cartridges. 

The  paper  by  May  (6)  described  a  novel  electromagnetic  (EM)  gun  system  that  does  not  require  any 
energetic  materials  to  propel  the  projectile.  However,  EM  gun  power  trains  (high-density  electrical  energy 
storage  and  power  supplies)  may  in  themselves  induce  separate  hazards  unforeseen  at  this  time. 

Held  (7)  provided  a  review  ot  insensitive  munition  testing  techniques  and  definitions  used 
throughout  NATO  member  countries.  Couturier  (8)  presented  experimental  results  on  an  especially 
designed  warhead  loaded  with  cast  PBX  that  passed  all  of  the  insensitive  munition  tests.  This  particular 
warhead  included  an  absorbing  material  between  the  explosive  and  warhead  case  and  employed  a  venting 
device;  this  concept  proved  to  be  less  sensitive  to  hazard  stimuli  than  a  similar  design  without  the 
absorbing  material.  The  design  principles  used  were  as  follows;  (a)  use  explosives  with  high  initiation 
pressures  and  good  thermal  and  mechanical  properties;  (b)  employ  shock  absorbing  materials  at  the  interface 
of  the  explosive  and  warhead  case;  and  (c)  employ  venting  devices. 
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The  last  two  papers  (9  and  10)  of  this  session  dealt  with  the  sensitivity  of 
c  y  c  lotrimethy  lenetrii  i itram in <*  (RDX)  and  cyclotetramethylenetetranitramine  (HMX)  and  the  effects  of  crystal 
shape  and  defects.  Vander  Steen  (9)  presented  data  showing  the  influence  of  RDX  crystal  shape  and  detects 
on  the  sensitivity  of  a  RDX/polyure thane  formulation,  while  Hooton  (10)  (presented  by  Lessard)  presented 
data  showing  that  identica;  formulations  using  HMX  in  place  of  RDX  were  less  sensitive,  yet  provided 
higher  performance. 


4.3  Rocket  Propulsion 

The  third  session  addressed  rocket  propulsion  and  propellants  and  contained  five  papers.  Merrill 
(11)  presented  an  excellent  summary  of  ongoing  work  in  electrostatic  discharge  abatement.  The  paper 
described  a  subscale  test  technique  that  allows  samples  to  be  tested  under  pressure  and  at  varying 
temperatures.  Data  on  breakdown  voltage  vs.  pressure  and  sample  bulk  temperature  of  hydroxyl-terminated 
polybutadiene  (HTPB)  propellants  were  presented. 

The  next  two  papers  by  Lessard  (12)  and  Menke  (13)  addressed  formulation  studies  for  minimum- 
smoke  and  low-sensitivity  rocket  propellants.  Lessard  (12)  presented  data  on  a  glycidyl  azide  polymer  and 
ammonium  nitrate  oxidizer  formulation  that,  to  dale,  has  not  met  the  target  performance,  burning  rate,  or 
mechanical  properties  of  the  program.  The  program  is  continuing  to  address  these  shortfalls  by  looking  at 
other  oxidizers  and  additives  Menke  (13)  described  a  nitroguanidine-oxidized  formulation  that  has  reduced 
sensitivity  if  it  is  contained  in  a  motor  tube  that  ruptures  easily  during  hazard  testing.  Nitroguanidine  was 
used  to  eliminate  HC1  from  the  exhaust  products.  However,  during  questioning,  Menke  stated  that 
aluminum  would  have  to  be  added  to  the  formulation  to  achieve  adequate  performance.  The  Evaluator  notes 
that  this  would  result  in  primary  smoke  (A1203).  and  therefore  eliminating  the  concern  for  HC1  (secondary 
smoke). 


The  final  two  papers  of  this  session  by  Mason  (14)  and  Hartman  (15)  addressed  various  aspects  of 
rocket  motor  hardware  and  propellant  hazards  testing.  Mason  (14)  gave  an  overview  of  a  very  large  British 
database  of  propellant  formulations  and  rocket  motor  case  designs  that  have  been  subjected  to  hazard  testing. 
Of  interest  was  the  apparent  lack  of  correlation  between  pass/fail  of  Class  1.1  and  1.3  propellant 
formulations  when  they  are  subjected  to  a  0.5-inch-diameter  bullet  impact.  Additional  data  presented 
showed  that  all  elastomer-modified,  cast  double-based  (EMCDB)  propellant  formulations  react  in 
approximately  60  seconds,  independent  of  case  design,  when  subjected  to  a  fast  cookoff  lest.  Hartman's 
paper  (15)  summarized  a  great  deal  of  data  on  the  testing  of  minimum-smoke  propellants  with  ammonium 
perchlorate  (AP)  or  potassium  perchlorate  (KP)  as  oxidizers.  The  KP  formulation  has  significant  potential 
for  high-density  propellant  applications.  A  laser  safe/arm  igniter  concept  was  described  that  may  alleviate 
some  of  the  sensitivity  caused  by  the  igniter  components  in  rocket  motors.  Data  comparing  several  types 
of  rocket  motor  case  materials  and  their  response  to  hazard  stimuli  were  also  provided. 


4.4  Physical  Phenomena  Associated 
With  Insensitive  Munitions 

The  fourth  and  final  session  of  the  conference  covered  the  physical  phenomena  associated  with 
energetic  materials  responding  to  hazard  stimuli,  both  in  terms  of  testing  and  modelling.  This  session 
contained  nine  papers.  The  opening  paper  of  this  session,  presented  by  Boggs  (16),  described  a 
collaborative  effort  of  The  Technical  Cooperation  Program  (TTCP),  Panel  W,  Action  Group  1 1  (WAG-1 1). 
This  effort  consists  of  developing  hazard  assessment  protocols  and  their  uses  for  each  of  the  hazard  threats. 
These  protocols,  available  through  NIMIC,  will  be  further  discussed  in  the  recommendations  section  of  this 
report. 


f 


I 


1-5 


Brunet  (17)  compared  some  fragment  and  bullet  impact  experimental  results  with  modelling  results 
obtained  with  the  LS-DYNA-2D  computer  code.  The  two  sets  of  data  correlated  very  well  and  indicated  that 
tension  waves,  caused  by  a  project!1?  or  fragment  penetrating  an  undamaged  propellant  mass,  sensitize  the 
propellant.  If  this  occurs  at  the  right  projectile  velocity,  it  will  cause  an  XDT  reaction. 

The  next  paper  (18),  presented  by  Shepard,  described  an  analytical  and  experimental  program  that 
evaluated  projectiles  that  transmit  a  one-dimensional  shock  into  a  cased  explosive.  Some  of  the  variables 
tested  were  case  thickness,  case  material,  projectile  velocity,  and  projectile  shape. 

Wanninger  (19)  covered  the  results  obtained  in  three  different  study  areas  and  summarized  his 
conclusions  as  follows:  (a)  an  explosive  material  with  good  mechanical  properties  is  required  in  order  to 
pass  the  fuel  fire  cookoff  test;  (b)  the  ammunition  caliber  and  the  critical  diameter  of  the  explosive  have  a 
significant  influence  in  bullet  impact  safety;  and  (c)  the  more  brittle  the  explosive,  the  more  susceptible  it 
will  be  to  shape  charge  attack. 

Lindfors  (20)  briefed  the  audience  only  on  the  portion  of  a  three-part  paper  that  regarded  shock 
sensitivity  of  propellants  in  the  wedge  test.  This  study  led  to  insights  into  the  influence  of  certain 
components  of  energetic  composite  materials  in  the  shock-to-detonadon  reacdon.  The  other  two  parts  of 
the  paper  dealt  with  delayed  detonations  of  propellant  impacted  by  a  projecule,  and  muniuon  response 
predictions  using  the  FRAG-MAP  code,  which  is  a  development  based  on  the  hazard  assessment  protocols 
discussed  by  Boggs. 

The  degree  of  confinement  of  a  plastic-bonded  explosive  significantly  influences  the  degree  of 
reaction  to  a  cookoff  hazard  stimulus.  Farinaccio's  (21)  results  demonstrated  this,  as  well  as  the  influence 
that  the  heating  rate  has  on  the  temperature  at  which  the  reaction  will  occur.  Fournier  (22)  used  one¬ 
dimensional  and  three-dimensional  computer  analysis  to  model  three  areas  of  concern  associated  with  a  fire 
in  ship  compartments:  (a)  heat  transfer  between  compartments  and  containers;  (b)  hot  gas/exhaust  jet 
impacting  on  a  flat  plate  surface;  and  (c)  thermal  response  of  warhead  and  rocket  units  in  the  compartments. 

Pessica  (23)  showed  that,  by  adding  external  user  subroutines  to  the  two-dimensional  finite 
difference  coupled  Lagrangian-Eulerian  PISCES  code,  it  is  possible  to  perform  a  very  wide  range  of  useful 
shock-to-de  to  nation  transition  predictions  under  most  circumstances. 

The  final  paper  of  the  conference,  by  Nouguez  (24),  demonstrated  that  current  cast  PBXs,  with 
confinement  modifications,  can  meet  all  the  insensitive  munitions  tests,  except  sympathetic  detonation. 
Two  new  cast  PBXs  have  been  formulated  using  nitrotriazolone  (NTO)  as  the  primary  energetic  ingredient. 
DYNA-2D  models  and  experimental  tests  have  shown  that  these  cast  PBXs  can  successfully  pass  the 
sympathetic  detonation  test  and  can  perform  fairly  satisfactorily  in  slow  cookoff,  fast  cookoff,  bullet 
impact,  and  fragment  attack  tests. 


5.0  CONCLUSIONS 

While  large-scale  go/no  go  tests  are  important  to  demonstrate  insensitive  munitions  compliance, 
they  lack  in  other  areas:  (a)  they  are  inadequate  by  themselves  because  they  cannot  be  well  instrumented  and, 
therefore,  valuable  lessons  are  hard  to  team  Grom  their  final  outcome;  (b)  they  are  too  costly  for  the  amount 
of  infomation  they  provide;  moreover,  because  they  are  conducted  at  the  end  of  a  weapon's  development 
program,  any  problems  identified  during  these  lefts  are  also  very  costly  to  fix;  and,  finally,  (c)  they  are  poor 
statistically  (most  hazard  requirements  demand  1: 10®  probabilities). 
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As  a  result,  small-scale  tests  need  to  be  validated  and  accepted  so  that  their  results  can  be  included 
in  the  statistical  probability  of  failure  prediction  of  the  all-up  system. 

6.0  RECOMMENDATIONS 

Recommendations  based  on  the  outcome  of  this  meeting  are  as  follows: 

1 .  The  use  of  hazard  protocols  should  be  supported  and  encouraged.  NATO  member  countries 
should  use  and  evaluate  the  protocols,  exchange  the  results,  and,  through  a  coordinating  AGARD/PEP 
working  group,  compare  and  document  the  outcome. 

2.  All  AGARD/PEP  members  should  be  encouraged  to  support  and  publicize  NIMIC  and  its 
capabilities. 

3.  Fundamental  research  on  the  mechanisms  that  trigger  violent  responses  during  cookoff  should 
be  supported  and  encouraged.  Of  particular  importance  are  the  following:  (a)  the  thermochemical  and 
thermomechanical  mechanisms  that  trigger  the  violent  response  of  energetic  materials  under  confinement 
during  a  fast  cookoff;  (b)  the  thermochemical  and  thermomechanical  mechanisms  that  trigger  the  violent 
response  of  energetic  materials  during  slow  cookoff;  and  (c)  the  elevated  temperature  chemical  mechanisms 
occurring  in  bulk  propellant  during  slow  cookoff. 
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SUMMARY 

Having  proven  its  value  during  a 
three-year  Pilot  phase,  the  NATO 
Insensitive  Munitions  Information  Center 
began  operations  in  NATO  Headquarters, 
Brussels  in  May  1991.  This  paper  presents 
an  overview  of  the  evolution  of  NIMIC:  its 
concept  formulation  in  NATO  AC/310,  its 
Pilot  phase  years,  and  the  Center  as  it  exists 
today. 

These  introductory  comments  are 
followed  by  an  in-depth  discussion  of  the 
following:  the  NIMIC  management  structure 
including  its  Steering  Committee  function; 


the  input,  content  and  maintenance  of 
information  in  the  database;  the  background 
and  technical  expertise  of  the  staff  of 
munitions  experts;  the  analytical  capability 
of  the  NIMIC  in  providing  support  to  the 
munition  design  community  in  areas  of 
insensitive  munitions  and  safety;  and  the 
procedures  by  which  one  may  request 
NIMIC  technical  assistance. 
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CNAD  Conference  of  National  Armament  Directors 
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DOD  (U  S.)  Department  of  Defense 

DOE  (U  S.)  Department  of  Energy 
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DSIS  Defense  Scientific  Information  Service 

DTIC  (U  S.)  Defense  Technical  Information  Center 

IHEP  Insensitive  High  Explosives  and  Propellants 

IM  Insensitive  Munitions 

MAS  Military  Agency  for  Standardization 

MoU  Memorandum  of  Understanding 

NATO  North  Atlantic  Treaty  Organization 

NDRE  Norwegian  Defence  Research  Establishment 

NFPO  National  Focal  Point  Officers 

NLMIC  NATO  Insensitive  Munitions  Information  Center 

NSTIS  NATO  Scientific  and  Technical  Information 

Service 

NTIS  (U  S.)  National  Technical  Informal  on  Service 

TIP  Technical  Information  Panel  (an  AGARD  task 

group) 

I.  WHY  NIMIC? 

All  of  us  here  may  have  the  impression  that 
we  are  dealing  with  a  new  problem  called 
"Insensitive  Munitions".  Actually,  we  are 
only  seeking  new  solutions  to  an  old 
problem  which  has  already  caused  many 
dramatic  accidents. 

In  1911.  in  France,  gunpowder  accidentally 
caught  fire  aboard  the  battleship  LIBERTE, 
which  exploded  and  sunk  causing  the  death 
of  226. 

In  1944,  in  Britain,  in  an  RAF  underground 
storage,  workers  accidentally  caused  an 
explosion  which  destroyed  3,500  tons  of 
bombs  and  caused  the  death  of  68. 

In  1967  aboard  the  aircraft  carrier  USS 
FORRESTAL,  a  rocket  accidentally  started 
from  one  of  the  aircraft  and  initiated  a  fuel 
fire  which  propagated  to  other  aircraft  and 
munitions,  causing  the  loss  or  damage  of  64 
aircraft  and  the  death  of  134. 

These  are  only  a  few  among  the  many 
accidents  which  have  occurred  with 
munitions  in  the  whole  world  (even 
regardless  of  wartime  events  due  to  enemy 
action),  and  which  led  the  munitions 
community  throughout  the  world  to  strive 
for  less  sensitive  munitions. 

Now,  explosives  will  never  he  chocolate,  and 
this  is  not  what  we  want  them  for:  what  we 
need  on  the  battlefield  is  not  Easter  eggs 


nor  even  plaster  grenades.  Insensitivity  is 
not  a  purpose  as  such:  the  real  purpose  of 
a  munition  is  efficiency.  You  can  easily 
count  how  many  casualties  an  ammunition 
accident  costs;  you  cannot  count  explicitly 
how  many  casualties  a  lack  of  efficiency 
costs,  but  it  does.  From  my  personal 
experience,  I  know  that  zero  risk  does  not 
exist  on  the  battlefield,  but  that  zero 
efficiency  is  one  of  the  major  risks.  Hence 
you  don’t  want  to  pay  too  much  for 
insensitivity  in  terms  of  lack  of  efficiency. 

Now,  if  your  munitions  are  too  sensitive, 
you  don’t  even  need  an  enemy  to  kill  you: 
you  will  do  it  by  yourself,  even  in 
peacetime.  In  that  case,  insensitivity  is  no 
longer  in  competition  w'ith  efficiency:  it 
becomes  a  contribution  to  efficiency. 

Hence  the  rationale  for  IMs:  we  all  want 
"more  bang  tor  the  buck",  but  only  at  the 
other  end  of  the  trajectory. 


The  rationale  for ; 

-  MURAT  (Munitions  a  Risque  ATtenue) 

-  IM  (Insensitive  Munitions) 

-  LOVA  (LOw  Vulnerability  Ammunition) 


More  bang  for  the  buck... 


...but  only  at  the  other  end 
of  the  trajectory 
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These  considerations  have  led  to  an 
international  approach  to  the  problem 
under  the  auspices  of  NATO,  and  to  an 
attempt  for  a  joint  definition  of  rules 
governing  the  design  of  safer  munitions, 
though  still  efficient,  whatever  the  name 
they  are  given: 

in  English.  LOVA  (Low 
Vulnerability  Ammunition)  or  IM 
(Insensitive  Munitions),  although  -the 
adjective  "insensitive”  is  certainly 
exaggerated; 

in  French,  MURAT  (Munitions  k 
Risque  Attdnud). 


This  international  approach  has  resulted  in 
the  creation  of  NIMIC,  i.e.  the  NATO 
Insensitive  Munitions  Information  Center. 
The  purpose  of  this  paper  is  to  describe 
how  the  NIMIC  concept  came  out,  what 
Pilot  NIMIC  has  achieved,  what  NIMIC  is 
currently  doing  and  what  it  expects  to  do 
in  the  future. 


2. NIMIC  WITHIN  NATO 
2.1  Position 

To  provide  a  frame  of  reference  in 
understanding  NIMIC  and  its  functions, 
Chart  1  presents  a  simplified  organizational 
structure  for  NATO.  Indicated  are  the  two 
major  sides  of  the  house,  namely  the  civil 
and  the  military  organizations.  To  these 
must  be  added  the  International  Staff  (IS) 
which  provides  support  to  ail  groups, 
committees  and  agencies.  Only  those 
groups  and  agencies  of  prime  significance 
to  NIMIC  have  been  listed  in  this  chart,  for 
clarity. 

On  the  civil  side,  the  main  group  of  interest 
is  ;he  CNAD  (Conference  of  National 
Armament  Directors),  to  which  the  NIMIC 
Steering  Committee  reports  annually. 
Under  CNAD  are  Army,  Air  Force  and 
Navy  Armament  Groups,  the  Industrial 
Advisory  Group  and  the  Defense  Research 
Group.  Also  under  CNAD  are  several 
cadre  groups  which  are  basically  multi¬ 
service  (Army,  Navy  and  Air  force)  in 
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nature,  among  them  two  groups  specifically 
devoted  to  munitions: 

AC/258,  involved  with  safety  aspects 
of  transportation  and  storage  of 
ammunition  and  explosives,  and 

AC/310,  involved  with  safety  and 
suitability  for  service  of  conventional 
munitions. 

On  the  military  side  (i.e.  under  the  Military 
Committee),  we  find  military  commands, 
and  also  agencies,  among  them: 

the  Military  Agency  for 
Standardization  (MAS),  and  of 
course 

AGARD. 

2.2  NIMIC  and  AGARD 

The  relations  of  NIMIC  with  MAS  are 
essentially  devoted  to  the  preparation  of 
STANAGs,  i.e.  standardization  agreements. 
The  relations  with  AGARD  are  of  a  more 
technical  nature. 

Within  AGARD.  the  panel  most  obviously 


related  with  NIMIC  is  Propulsion  and 
Energetics,  the  organizer  of  this  meeting. 
Now,  NIMIC  is  also  interested  in  the 
activity  of  the  Technical  Information  Panel 
TIP.  Indeed,  as  an  aside,  AGARD  tasked 
TIP  to  address  the  need  for  a  central 
repository  for  all  NATO  scientific  and 
technical  Information.  As  a  result,  TIP 
summarized  the  problem  of  NATO 
information  as  follows:  "Scientific, 

Technical  and  other  information  (STI) 
generated  by  NATO  is  not  fully  utilized 
because  it  is  not  readily  identifiable, 
retrievable  or  available  to  NATO  staff  and 
the  nations,  thereby  causing  great  waste  of 
time  and  resources"  (Ref.  1) 

This  concern  of  AGARD  TIP  covered  the 
total  spectrum  of  information  available  in 
NATO,  and  a  study  group  developed  a 
concept  for  a  NATO  Scientific  and 
Technical  Information  Service  (NSTIC) 
(Chart  2).  The  proposed  concept  (Ref.  1) 
outlines  a  centralized,  automated, 
information  service  performing  the  function 
of  acquisition,  selecting,  cataloging, 
information  retrieval  and  document 
ordering.  It  has  always  been  intended  that, 
should  NSTIS  become  operational,  NIMIC 
would  be  a  sub-set  group  interfacing  with  it. 


Chart  2 
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2.3  NIMIC  and  AC/310 


Now,  the  main  link  for  NIMIC  within 
NATO  is  with  AC/310,  where  NIMIC  was 
conceived  to  some  extent,  although  NIMIC 
itself  is  a  separate  and  distinct  entity. 

AC/3 10’s  full  name  is  "Group  on  Safety  and 
Suitability  for  Service  of  Munitions  and 
Explosives".  It  was  formed  in  1979  to 
address  the  problem  identified  by  CNAD  as 
a  major  impediment  to  munition 
interoperability  within  the  Alliance, 
specifically,  the  lack  of  an  agreed  safety 
assessment  process. 

In  1984,  AC/310  became  aware  of  the 
increased  concern  being  voiced  by  nations 
regarding  the  vulnerability  of  launch 
platforms  and  storage  sites  as  a  function  of 
the  reaction  of  munitions  to  combat-induced 
environmental  forces.  Due  to  these 
concerns,  the  criteria  for  acceptance  of 
munitions  as  safe  and  suitable  for  service,  as 
stated  in  resulting  national  insensitive 
munition  programs,  were  being  stated  in 
more  stringent  terms.  AC/310  noted  that, 
without  the  knowledge  and  availability  of 
new  technology,  the  task  of  munition 
designers  in  meeting  these  criteria  while 
retaining  operational  effectiveness  -  which 
remains  the  primary  goal  of  munitions  -  was 
becoming  increasingly  more  difficult. 

This  is  how  AC/310  identified  the  need  for 
a  focal  point  within  NATO  to  exchange 
Technical  Information  on  Insensitive 
Munitions  (IM)  to  facilitate  design  efforts  in 
meeting  the  new  and  evolving  IM 
requirements.  This  identified  need  then  led 
to  a  series  of  actions  initiated  in  AC/310, 
leading  to  the  formation  of  NIMIC. 

Chart  2  summarizes  the  main  three  phases 
of  this  formation: 

from  1984  to  1986,  a  number  of 
intermediate  steps  toward  the 
concept  of  an  IM  group, 

in  1988.  the  creation  of  a  Pilot 
NIMIC  in  the  United  States  under 
a  5-nation  MoU, 


in  1991,  the  transition  from  Pilot 
NIMIC  to  NIMIC  and  its  transfer 
to  the  NATO  Headquarters  in 
Brussels. 

Chart  3 
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3.  NIMIC  HISTORY 

3.1  Steps  to  Pilot  NIMIC 

The  initiative  for  promoting  the  IM  concept 
originated  in  the  United  States,  involving 
both  Departments  of  Defense  (DOD)  and 
Energy  (DOE),  the  main  promoter  being 
the  US  Navy,  which  paid  a  heavy  tribute  to 
sensitivity  in  the  last  decades.  An 
Insensitive  High  Explosives  and  Propellants 
(I HEP)  study  was  conducted  to  increase  the 
safety  and  survivability  of  munitions.  This 
program  was  given  additional  impetus  by  a 
Joint  Technical  Coordination  Group  to 
improve  munition  survivability. 

Ideas  developed  in  these  studies  were 
presented  to  international  and  NATO 
audiences  by  the  U.S.,  and  support  in  a 
number  of  nations  was  evidenced.  Virtually 
concurrent  with  the  U.S.  Program,  both 
France  and  the  United  Kingdom  launched 
efforts  in  the  area  of  interest,  focusing 
mainly  on  energetic  material  development 
or  use. 

The  NATO  group  AC/310  formed  several 
ad-hoc  groups  to  validate  the  need  for  a 
center  for  IM  technology  exchange  and  to 
determine  a  logical  location  within  NATO. 


This  study  started  under  French 
chairmanship,  and  culminated  in  a  workshop 
held  in  1986  in  London,  which  provided  a 
forum  for  potential  users  to  assess  the  value 
of  such  a  center.  The  workshop  wa* 
attended  by  70  representatives  of  national 
government  and  industrial  agencies,  as  well 
as  various  NATO  groups  from  CNAD  and 
MAS,  including  the  Service  Armament 
Groups. 

The  workshop  resulted  in  a  consensus  that 
an  Insensitive  Munitions  Information 
Center,  with  an  analysis  capability,  would  be 
of  value.  The  Center  should  develop  and 
maintain  a  data  base  of  scientific  and 
technical  information,  and  he  staffed  by 
technical  personnel  to  interrogate  and 
analyze  the  data  base  to  respond  to 
technical  questionnaires. 

Since  the  need  was  immediate,  the  U  S. 
proposed  a  Pilot  Center  be  established  to 
meet  the  current  need  and  plan  for  the 
establishment  of  the  permanent  N1MIC.  A 
Memorandum  of  Understanding  (MoU)  was 
signed  in  May  1988  by  France,  the 
Netherlands,  Norway,  the  United  Kingdom 
and  the  United  States.  Canada  joined  by 
an  Amendment  to  the  MoU  in  April  1989. 

The  core  staff  of  Program  Manager, 
Systems  Administrator,  Technical  Writer, 
Legal  Consultant,  and  Secretary  were 
provided  hy  the  Pilot  NIMIC  host  country, 
i.e.  the  United  Sates.  Technical  staff 
members  were  provided  by  secondment 
from  the  participating  nations.  Overall 
administration  was  provided  by  a  Steering 
Committee  composed  of  a  representative  of 
each  participating  nation,  and  chaired  by 
the  U  S.  Representative. 

The  Steering  Committee  agreed  that  the 
efforts  of  Pilot  NIMIC  in  performing  the 
tasks  identified  in  the  MoU  would  be 
assessed  prior  to  the  establishment  of  the 
permanent  NIMIC.  An  assessment  report 
was  written  (Ref.  2),  which  was  staffed 
within  all  participating  nations.  The  report 
states  in  its  synopsis:  "In  May  1988  a  Pilot 
NIMIC  program  was  established  with  the 
object  of  determining  whether  the  NIMIC 


concept  is  viable.  This  report  provides  the 
evidence  on  which  is  based  the  conclusion 
that  implementation  of  the  NIMIC  concept 
is  capable  of  achieving  the  desired 
objective".  The  result  of  national  staffing 
was  a  consensus  that  a  permanent  NIMIC 
should  be  formed. 

4.  NIMIC  Organization 

4. 1  Status 

Another  MoU  was  executed  on  24  October 
1990  establishing  a  permanent  NIMIC. 
Original  participants  are  Canada,  France, 
Netherlands,  United  Kingdom  and  United 
States.  Prior  to  this,  a  letter  of  agreement 
was  signed  on  24  September  1990  by  the 
Steering  Committee  and  NATO  regarding 
the  provision  of  services  and  facilities  by 
NATO  in  support  of  the  NIMIC  project. 

Total  funding  of  NIMIC  is  provided  by  the 
participating  nations  on  a  share  basis, 
wherein  large  nations  pay  two  shares  and 
smaller  nations  one  share.  NIMIC  operates 
under  a  budget  approved  by  the  Steering 
Committee,  with  NATO  administering  all 
financial  matters,  including  the 
establishment  of  a  NIMIC  account  in  a 
NATO  approved  commercial  bank. 

Security  is  governed  by  a  NIMIC  Project 
Security  Instruction  which  was  developed  to 
provide  protection  of  classified  information 
up  to  and  including  "Confidential",  in 
accordance  with  national  laws  and 
regulations  provided  such  are  no  less 
stringent  than  the  NATO  Security 
Document  C-M(55)15(Final)  of  31  July 
1972.  NATO  will  provide  physical  security 
for  the  NIMIC  facility  in  accordance  with 
normal  NATO  procedures. 

4.2  Staff 

Unlike  Pilot  NIMIC,  the  total  staff  for 
NIMIC  is  being  hired  in  accordance  with 
NATO  hiring  procedures.  While  the  staff 
members  are  NIMIC  employees,  all 
personnel  matters  are  processed  in 
accordance  with  NATO  procedures.  Staff 
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performance  is  assessed  by  the  Steering 
Committee. 

This  staff  is  presently  defined  as  shown  in 
Chart  4: 

a  program  manager,  with  a  secretary. 

four  technical  officers,  each  one 
specialized  in  a  given  field,  i.e. 
Explosives.  Explosion  effects. 
Warheads  design  and  Propulsion 
design, 

a  technical  editor  and  a  systems 
analyst,  more  particularly  in  charge 
of  the  database  and  the  computer 
equipment. 

This  amounts  to  8  staff  members,  to  be 
hired  among  candidates  belonging  to  the 
participating  nations.  Unfortunately,  the 
NATO  hiring  process  is  very  lengthy,  due 
to  the  obvious  security  requirements  and  to 
the  inevitable  political  considerations  to  be 


taken  into  account.  Hence  the  theoretical 
staff  of  8  is  still  far  from  being  completed 
today,  which  temporarily  reduces  NIMIC’s 
efficiency.  The  transition  from  Pilot  NIMIC 
to  NIMIC  certainly  was  a  necessary  step, 
but  it  is  a  difficult  one,  and  the  full  working 
pace  will  only  be  attained  in  early  1992. 
NIMIC  will  then  resume  and  expand  the 
tasks  identified  in  both  the  Pilot  NIMIC 
and  NIMIC  Moli  documents. 

5  NIMIC’s  tasks 

5  1  Links  with  Users 

These  tasks  can  be  listed  under  three 
headlines  (right  to  left  on  Chart  4): 

maintaining  a  specialized  database, 

responding  to  questionnaires  issued 
by  member  nations,  and 

performing  inquiries  of  its  own. 


All  these  tasks  imply  the  existence  of  formal 
links  with  the  users.  To  this  end,  each 
participating  nation  has  provided  NIMIC 
with  a  contact  within  the  nation,  a  National 
Focal  Point  Officer  (NFPO),  who  assists  in 
efforts  to  input  data  and  process 
questionnaires.  Also  each  participating 
nation  has  identified  national  governmental 
agencies  authorized  direct  contact  with 
NIMIC.  Any  questionnaire  from  these 
agencies  can  be  received  and  responded  to 
directly  by  NIMIC.  Other  agencies  and 
industrial  concerns  are  to  forward 
questionnaires  to  NIMIC  via  the 
appropriate  NFPO,  whose  responsibility  it  is 
to  validate,  from  an  administrative  view,  the 
need  for  the  assistance  being  sought. 
NIMIC  responses  will  also  be  sent  via  the 
NFPO  unless  stipulated  otherwise. 

Other  NATO  groups  (such  as  the  Service 
Armament  Groups)  and  other  NATO 
nations  can  submit  questionnaires  to  NIMIC 
via  the  Steering  Committee.  The 
authorization  of  the  Steering  Committee  is 
necessary  since  many  NATO  groups  have 
nations  in  membership  which  are  not 
participants  in  NIMIC.  The  SC,  if  in 
unanimous  agreement  to  provide  the 
service,  will  forward  the  questionnaire  to 
NIMIC  for  response.  Assistance  provided 
to  non-participants  will  be  subject  to 
payment  of  a  fee  for  services,  based  on  the 
complexity  of  the  effort  involved. 

5.2  IM  Database 

As  far  as  the  database  is  concerned. 
NIMIC’s  tasks  are  the  following. 

collect.  store  and  disseminate 
scientific  and  technical  information 
on  IM; 

provide  and  maintain  a 
comprehensive  data  collection  so  as 
to  facilitate  design  efforts  for  IM 
and  minimize  the  cost  of  research 
and  development  efforts; 

It  is  important  to  note  that,  even  at  this 
level,  NIMIC  already  provides  an  analysis 


function  for  the  selection  of  relevant 
documents,  a  characteristic  which 
differentiates  it  from  other  "information 
centers". 

Collection  and  selection  of  information 
can  be  effected  through  two  different 
channels: 

the  main  one  utilizes  the  NFPO  to 
conduct  searches  for  relevant 
information  in  national  agencies; 

an  optional  channel  is  direct 
interrogation  of  national  databases 
by  means  of  a  MODEM. 

The  main  agencies  and  databases  of  the 
member  nations  are  listed  in  Annex  A.  But 
this  is  not  to  say  that  the  NIMIC  database 
precludes  entrance  of  information  from 
non-participating  nations.  To  the  contrary, 
a  significant  amount  of  data  from  non¬ 
participants  resides  in  NIMIC  having  been 
either  volunteered  by  such  nations  or 
accessed  from  open  literature. 

In  September  1991,  these  searches  had 
already  resulted  in  the  review  of  more  than 
30.000  technical  abstracts  for  relevancy  to 
NIMIC.  Of  these,  about  60  percent  were 
considered  relevant.  In  addition,  over  7,000 
hard  copies  of  documents  were  received  and 
a  review  indicated  over  95  percent  relevant 
for  entrance  into  the  NIMIC  database. 
These  searches  will  be  a  continuing  effort 
of  NIMIC  to  provide  input  to  the  database 
in  as  timely  a  manner  as  possible. 

Information  has  been  received  in  basically 
two  forms:  hard  copy  and  floppy  discs.  All 
relevant  information  is  processed  for 
entrance  into  the  IM  database  (mad line 
searchable).  Obviously  it  is  of  an  advantage 
to  NIMIC  to  receive  the  information  in 
floppy  disc  or  magnetic  tape  form,  which 
aids  not  only  in  timely  processing  as 
machine  readable,  but  also  in  reduction  of 
storage  space. 

Once  the  information  is  converted  to 
machine  readable  form,  it  is  then  placed  in 
Bibliographic  Retrieval  Services  (BRS) 


1 


Search  format.  BRS  Search  is  a  text-based 
database  system  residing  on  the  hard  disc  of 
a  Compaq  Deskpro  386  (IBM  compatible) 
computer  with  backup  onto  two  magnetic 
tapes.  BRS  Search  is  used  extensively  to 
query  the  databases  listed  in  Annex  B. 


5.3  Responses  to  Technical 
Questionnaires 

The  principal  objective  in  establishing 
NIMIC  is  to  provide  a  NATO  central  point 
for  the  exchange  of  technical  information  in 
order  to  facilitate  the  design  of  munitions 
to  meet  national  and  future  NATO  IM 
requirements.  While  the  term  "insensitive 
munitions"  is  defined  somewhat  differently 
by  nations,  the  general  goal  of  reducing 
vulnerability  of  launch  platforms  and  storage 
areas  while  retaining  combat  effectiveness  is 
generally  accepted  by  all.  The  goal  is 
seldom  achievable  by  a  single  approach,  but 
requires  the  combination  of  several 
technologies  (e.g.  energetic  material 
selection  in  conjunction  with  mitigating 
devices). 

In  all  instances,  the  synergistic  effects  of  the 
technology  or  technologies  being  proposed 


for  application  require  consideration  at  a 
systems  level.  It  is  counterproductive  to 
prevent  a  hazardous  condition  that  arises 
infrequently  in  a  combat  situation  and 
create  a  highly  likely  hazard  in  other  phases 
of  the  logistic  cycle.  NIMIC  was  created  to 
provide  a  source  of  information  for  the 
assessment  of  aU  factors  involved  in  arriving 
at  a  design  solution. 

In  the  early  months  of  Pilot  NIMIC,  the 
majority  of  questionnaires  were  factual  in 
nature,  not  requiring  much  analysis  or 
presentation  of  opinions  and 
recommendations.  In  recent  months,  the 
questionnaires  have  been  more  searching  in 
nature,  and  thus  more  in  conformity  with 
the  plan  for  NIMIC.  Chart  5  lists  the 
activity  of  NIMIC  in  this  area.  It  is  evident 
from  the  number  of  questionnaires 
submitted  that  pilot  NIMIC  was  recognized 
in  the  munitions  community,  and  that  this 
community  is  now  anxious  for  assistance 
from  NIMIC. 

A  comparison  of  the  types  of  information 
in  the  database  versus  the  subjects  of 
questionnaires  is  presented  in  Chart  5.  Not 
surprisingly,  this  chart  indicates  heavy 
emphasis  in  data  input  and  questionnaires 
related  to  energetic  materials.  As  time 


Chart  5 
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progresses  and  the  requirements  for  IM 
(nationally  and  in  NATO)  become  better 
defined,  the  questionnaires  to  NIMIC  will 
reflect  the  complex  nature  of  design 
problems  in  meeting  IM  requirements,  and 
will  require  an  expanded  database  and  the 
concerted  efforts  of  the  technical  staff. 

S.4  Inquiries  and  Studies 

Last  but  not  least,  NIMIC  will  develop  an 
activity  of  its  own  (although  obviously  along 
the  lines  defined  by  the  Steering 
Committee)  in  order  to  anticipate  the  needs 
of  the  Member  nations  prior  to  future 
questionnaires.  To  this  end,  as  its  staff  of 
technical  officers  is  gradually  completed,  it 
will  utilize  its  expertise  for  the  following 
tasks: 

analyze  technical  requirements  for 
IM,  and  assess  methods  and  systems 
for  improving  IM  to  meet  these 
requirements; 

recommend  solutions  or  design 
approaches  to  meet  I M 
requirements; 

identify  technology  deficiencies  that 
prevent  requirements  from  being 
achieved,  and  make  proposals  for 
remedial  actions;  and 

analyze  data  provided  to  NIMIC, 
and  prepare  data  books  and  state- 
of-the-art  reports  on  IM. 

Indeed,  through  database  interrogations  to 
respond  to  questionnaires,  NIMIC  may 
identify  technology  deficiencies  in  its 
database  in  a  given  technology  area.  Such 
a  deficiency  can  be  indicative: 

either  simply  by  a  lack  of  data  input 
by  participating  nations; 

or  by  lack  of  data  having  been 
developed  in  that  given  technology 
area. 

NIMIC,  as  a  first  order  of  business,  upon 


identifying  a  deficiency  in  its  database,  will 
contact  participants,  requesting  (and  aiding 
when  possible)  in  the  conduct  of  an  in- 
depth  search  of  national  databases.  Should 
the  in-depth  search  of  the  specific  technical 
area  prove  fruitless,  then  the  deficiency 
obviously  is  due  to  a  lack  of  existing  data. 

NIMIC,  in  such  a  situation,  develops  a 
proposal  for  a  program  to  be  undertaken 
as  a  collaborative  venture  to  correct  the 
deficiency.  Current  national  budgetary 
constraints  make  collaborative  ventures 
more  than  ever  desirable  and  even 
necessary.  Some  specific  areas  identified  by 
NIMIC  as  potential  for  collaborative 
programs  are: 

analyzing  the  interest  of  some 
novel  explosive  molecules  for  IM; 

assessing  IM  insensitivity  tests  in 
order  to  get  a  better  scientific 

understanding  of  the  real 
phenomena  occurring  within  the 
munition  tested; 

developing  reliable  small  scale  or 
math  model  predictive  tools; 

designing  means  to  prevent  or 

reduce  the  potential  for 

sympathetic  detonation  in  mass  use 
munition  storage  configurations. 

6.  NIMIC  AND  THE  IM  PROCESS 

6.1  Munition  Assessment  Process 

AC/310  published  AOP-15  "Guidance  on 

the  Assessment  of  the  Safety  and  Suitability 
for  Service  of  Munitions  for  NATO  Armed 
Forces"  (Ref.  2),  and  summarized  the 
assessment  process  in  Chart  6.  While  not 
specifically  addressing  the  IM  aspect  of 
munition  design,  the  same  philosophy  and 
methodology  applies  to  assessing  a  munition 
to  IM  requirements  as  for  safety 
requirements.  Therefore,  the  subsequent 
comments  will  treat  the  two  disciplines  as 
one. 


Chart  6 
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AC, '3 10  agrees  that  the  achievement  of  IM 
program  goals  can  best  be  accomplished  if 
IM  characteristics  are  designed  into  the 
munition,  and  efforts  to  accomplish  this 
should  be  initiated  at  the  beginning  of  the 
munition  development  program.  In  cases 
where  lack  of  technology,  impact  tin 
performance,  cost.  etc..  prohibit 
achievement  of  IM  requirements  through 
design,  solutions  should  be  sought  by 
providing  safeguards  or  protection  to  the 
munitions. 

Within  Chart  6,  we  will  now  put  emphasis 
on  those  steps  where  NIMIC  is  capable  of 
providing  assistance  to  the  design  agent,  as 
progress  is  made  through  this  process. 

6.2  NIMIC’s  Role  Within  the  Process 

NIMIC’s  assistance  can  be  sought  from  the 
very  beginning  of  the  process,  i.e.  Steps  A, 
B  and  C,  where  NIMIC  can  provide: 

input  regarding  current  national  and 
NATO  IM  requirements; 


advice  and  assistance  in  selecting 
adequate  explosive  and  propellant 
materials;  and 

information  from  accident  and 
incident  data  on  the  past  history  of 
designs  similar  to  that  proposed,  so 
that  known  pitfalls  can  be  avoided. 

Further  down  in  the  process  comes  Step  I. 
The  need  for  support  in  this  step  reflects 
the  basic  purpose  for  establishing  NIMIC. 
In  this  ar  a  of  recommending  actons  tc 
eliminate  or  control  hazards,  NIMIC  will 
utilize  its  database  and  the  expertise  of  its 
staff  to  the  fullest  extent. 

NIMIC  assistance  is  also  available  through 
this  design  process  in  Steps  L  and  K 
(involving  the  selection  of  tests  and  test 
parameters  to  validate  that  the  design  does 
in  fact  meet  IM  requirements). 

It  might  be  even  more  necessary  in  Steps 
P  and  R,  which  have  an  added  degree  of 
complexity  in  that  any  remedies  suggested 
more  than  likely  will  be  of  a  retrospective 
nature  to  an  already  existing  design. 

In  order  to  cope  with  these  tasks,  the  staff 
of  NIMIC,  though  small  in  size,  is 
composed  of  personnel  who,  as  a  group, 
have  experience  in  total  munition  design 
(Energetic  Materials.  Warheads,  Propulsion 
U-nits,  Fuzes  and  Safe-Arm  Devices,  and 
Explosion  effects).  Albeit  that  the  NIMIC 
data,  as  with  any  database,  will  always  be 
expanding  and  will  lag  timewise  behind  the 
most  recent  technological  developments, 
access  to  these  recent  developments  is 
available  to  NIMIC.  Indeed,  one  of  the 
NIMIC  sub-databases  is  the  PCDB,  or 
Points  of  Contact  Database.  This  contains 
a  listing  of  several  hundred  technologists  in 
participating  nations  who  have  indicated  a 
willingness  to  assist  the  NIMIC  staff. 

In  instances  of  lack  of  information  in  the 
NIMIC  database  and/or  lack  of  experience 
in  a  given  subject  by  the  staff,  appropriate 
points  of  contact  will  be  solicited  to  assist  in 
identification  of  any  new  unreported 
technological  advances. 


Assistance  of  this  nature,  sought  from 
nations  by  NIMIC,  will  be  solicited  to  assist 
in  identification  of  any  new  unreported 
technological  advances,  and  will  he 
governed  by  the  NIMIC  Security  Guidelines 
established  and  agreed  by  the  nations. 

7.  FUTVPE 

NIMIC  is  a  project  functioning  u'ithin 
NATO.  It  is  actively  solicited  for  assistance 
by  other  NATO  entities  and  even  by  non- 
NATO  nations.  At  the  same  time,  it  is 
actively  soliciting  participation  by  all 
Alliance  nations. 

NIMIC,  in  these  early  months  of  NATO 
operations  (as  in  its  Pilot  phase),  has  placed 
emphasis  on  IM  considerations.  However, 
recognizing  the  relationship  between  safety 
and  IM  concerns,  NIMIC  plans  to  expand 
its  database  to  encompass  safety  as  well  as 
IM  information.  This  expansion  is 
necessary  to  allow  full  assessment  of  the 
synergistic  effects  of  proposed  remedial 
actions. 

Now.  NIMIC  is  also  solicited  by  other 
NATO  entities  to  expand  its  database  and 
the  activity  of  its  technical  staff  to  other 
areas  within  the  munitions  field.  If  this  is 
accepted,  a  balance  will  have  to  be  defined 
between: 

on  the  one  hand,  the  interest  for 
NATO  of  making  the  best  possible 
utilization  of  the  role  of  expertise 
represented  by  NIMIC,  and 

on  the  other  hand,  the  need  for 
NIMIC  to  retain  its  primary  mission 
in  the  IM  field. 

Even  within  the  field  of  IM,  as  previously 
indicated,  any  assistance  from  NIMIC  to 
NATO  as  a  whole  -  or  to  non-participating 
nations  -  can  only  be  sporadic  in  the 
present  situation,  where  NIMIC  is  only 
funded  by  the  participating  nations.  Ibis  is 
why  NIMIC  advocates  the  active 
par’icipation  of  other  nations. 


full  national  participation  will  provide  many 
advantages  such  as: 

improved  cost-effectiveness  of 
operating  the  Center; 

expansion  of  the  database;  and 

higher  potential  for  achieving 
munition  interoperability  in  the 
Alliance. 

Many  lessons  have  been  learned  during  the 
Pilot  Phase  regarding  both  administrative 
and  technical  aspects  of  operating  an 
information  center  of  this  magnitude. 
NIMIC  will  continue  to  learn  and  grow  in 
its  ability  to  cope  with  future  problems  both 
administrative  and  technical  as  they  arise. 

In  the  near  term,  NIMIC  will  be  engaged 
in  a  vigorous  campaign  to  inform  the 
technical  community  of  its  presence  in 
NATO  and  its  capability  to  serve  their 
need.  You,  as  members  of  this  technical 
community,  can  assist  NIMIC  within  your 
influence  and  also  pass  .  *..•?  NiMiC  staff 
suggestions  for  : mpiovement. 

NIMIC  will  function  as  a  team  member 
with  the  itaiii/>i.  1  ns.J  v'ATO  munition 
developers  and  desires  that  a  spirit  of 
cooperation  permeates  all  of  our  mutual 
endeavors. 
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National 

asencies  and  databases  contributing 

to  the  NIMIC  IM  database 

Canada 

- 

Defence  Scientific  Information 

Service  (DSIS) 

France 

- 

CEDOCAR 

Netherlands 

- 

Prins  Maurits  Laboratory/TNO 

Norwav 

- 

Norwegian  Defence  Research 
Establishment  (NDRE) 

- 

Norwegian  Defence  Industry 

United 

Kingdom 

. 

DRIC 

- 

IRS  Dialtech 

- 

HSELINE 

United 

States 

- 

National  Technical  Information 
Service  (NTIS) 

~ 

Defense  Technical  Information 
Center  (DTIC) 

Local  databases  such  as  those 
maintained  for  NASA,  Chemical 
Propulsion  Information  Agency 
(CPIA),  World  Patent  Index,  etc. 

Breakdown  of  the  NIMIC  IM  Database 


-  1MDB  (IM  DATABASE)  -  Nomenclature 
for  the  function  allowing  simultaneous 
search  of  the  major  subset  databases 

-  NIDB  (NIMIC  Informational  Database)  - 

Main  database  containing  bibliographies 
of  technical  reports.  All  documents 
entered  are  in  hard  copy  NIMIC  files. 

-  STANAG  -  Contains  NATO  (particularly 
AC/310)  Standardization  Agreements. 

-  JADB  (Journal  Articles  Database) 
Contains  articles  from  technical 
periodicals. 

-  PTDB  (Patent  Database)  -  Contains 
Munition  Related  Patents  (Worldwide). 

-  PCDB  (Points  of  contact  Database)  - 
Contains  listing  of  individuals  in 
participating  nations  available  to  assist  the 
NIMIC  Technical  Staff. 

-  CPDB  (Company  Database)  -  Contains 
information  of  the  capability  of  industrial 
agencies  for  testing,  analysis,  etc. 

-  AXDB  (Accident  Database)  -  Contains 
information  on  munition  related  accidents. 

-  QSUM  (Questionnaire  Database) 
Contains  a  compilation  of  questions 
referred  to  NIMIC. 
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Summary 

I  he  l  k  view  on  the  reasons  tor  establishing  an  Insensitive  Vluni'ions  policy  and  the  difficulties  in  doing  so  are  discussed. 
Recent  MOO  funded  studies  w  liieh  throw  light  on  th  ■  benefits  ol  such  a  police  are  considered.  The  organisation  being  set  up  in 
the  I  k  to  support  such  a  policy  is  described  together  with  progress  towards  tins  goal 
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Discussion 

QUESTION  BY  WEISS.  US:  Please  expand  on  the  benefits  part  of  the 
cost  and  benefits  modelling.  Does  it  take  into  account  the  cost  of 
"unreliability"  of  the  weapon  system  which  would  dictate  more 
spares,  more  platforms,  etc.?  How  about  operational  consideration 
whereby  incidents  due  to  a  specified  level  of  sensitivity  less  than 
satisfactory  result  in  decommissioning  of  a  platform  or  force 
stand-down  while  solutions  are  sought? 

ANSWER :  Ideally  life  costing  of  platforms  using  insensitive 
munitions  should  include  ail  these  effects  if  they  are  relevant. 
Indeed  such  costing  would  also  normally  include  a  period  of  wartime 
usage.  However,  I  do  not  believe  that  the  "unreliability" 
or  "decommissions"  aspects  are  currently  being  built  into  UK  cost- 
benefit  models. 

FURTHER  ANSWER  BY  MAWBEY.  UK:  The  cost  benefit  analysis 
concerned  with  the  benefits  of  introducing  less-sensitive  munitions 
on  ships  and  submarines  cover  both  peacetime  and  wartime 
scenarios.  In  the  peacetime  case  the  loss  due  to  an  accident  is 
based  on  (a)  the  repair  cost  and  (b)  the  potential  loss  in  fighting 
availability  due  to  the  predicted  damage.  In  the  wartime  case  only 


the  potential  loss  in  fighting  capability  resulting  from  a  range  of 
attack  weapons  is  considered.  The  basic  loss  due  to  the 
accident/attack  alone  is  compared  with  the  loss  due  to:  (a)  the 
accident/attack  with  current  munitions,  (b)  the  accident/attack 
with  munitions  that  meet  BR8541  requirements,  and  (c)  the 
accident/attack  with  munitions  which  meet  the  IMP  requirement. 
Thus  the  net  benefit  of  introducing  less-sensitive  munitions  can  be 
established.  Comparing  the  benefit  factored  by  the  probability  of 
the  accident/attack  occurring  with  the  costs  of  introducing  the 
less-sensitive  munition  contributes  to  the  judgement  which  has  to 
be  made  on  safety  policy.  In  the  analysis  it  is  assumed  that  an 
uncontrolled  fire  in  a  ship’s  magazine  will  lead  to  the  effective  loss 
of  the  munitions  it  contains. 

QUESTION  BY  MOSES.  US:  In  any  intense  conflict  where  resupply  is 
difficult  or  too  long  in  time,  repairability  becomes  a  very  important 
term  in  the  equation  for  availability.  Explosions  and  fire  almost 
always  render  a  platform  non-repairable  and  therefore  unavailable; 
but  repairable  vehicles  can  often  be  returned  in  a  few  days  (e.g. 
largely  tanks  during  the  7-day  war  and  the  Yon  Kipper  war).  This 
also  has  an  impact  on  the  maintenance  and  logistics  requirements. 
Does  your  modelling  take  these  benefits  and  costs  into  account? 

ANSWER;  Repairability  and  cost  of  repair  is  included  in  the  UK  whole 
life  costing  models.  In  a  combat  situation,  a  ship  may  not 
necessarily  become  unavailable  after  a  minor  fire  and  even  tanks  and 
aircraft  might  be  more  able  to  accomplish  their  immediate  mission 
if  the  result  of  attack  on  an  IM  was  no  more  that  burning.  However, 
repairability  in  order  to  ensure  reuse  of  a  platform  during  the  same 
campaign  is  certainly  a  factor  that  should  be  built  into  combat 
availability  models  though  it  has  not  yet  been  taken  account  of  in 
the  UK  modelling  program. 
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RESUME  : 

Apres  avoir  expose  la  genese  des  specifications  et  des  essais  de  securite  applicables  aux  munitions 
embarquees  sur  navires.  des  criteres  d  acceptation  sont  presentes  et  compares  aux  normes  en  vigueur  dans 
i  autres  pays  ou  organisations. 

Des  evolutions  possibles  pour  les  annees  a  venir  sont  ensuite  evoquees. 

Enfin.  d  autres  approches  complementaires  a  la  securisation  des  munitions  sont  presentees. 


INTRODUCTION 


Un  navire  de  combat  rassemble  dans  un  espace 
restreint  de  nombreux  risques  potentiels.  jrarmi 
lesquels  ses  propres  munitions  embarquees  consti¬ 
tuent  un  facteur  de  vulnerabili te  particulierement 
important,  car  elles  peuvent  ini  tier  des  accidents 
ou  en  amplifier  les  effets 

La  Marine  Frantaise.  comrce  la  plupart  des  autres 
Marines,  a  tou jours  ete  sensible  aux  problemes  de 
securite  de  stockage  et  de  mise  en  oeuvre  des 
munitions  a  bord.  Cette  priorite  s  est  encore 
accrue  a  la  lumiere  des  enseignements  tires  des 
engagements  uavais  des  deimeres  annees,  et 
d  accidents  survenus  a  bord  de  batimen*  de  combat 
modernes  du  monde  occidental. 

La  methodologie  retenue  pour  garantir  un  niveau  de 
securite  satisfaisant  consiste  a  realiser  pour 
les  munitions  des  etudes  de  securite  prenant  en 
compte  les  differents  environnements  rencontres 
normal,  anormal  et  accidentel .  Pour  ce  dernier, 
qui  est  le  seul  traite  ici.  les  accidents  les  plus 
vraisemblables  sont  identifies,  et  des  objectifs 
de  securite  leur  sont  associes. 

II  est  evident  que  les  types  d  accidents  possibles 
dependent  largement  du  navire  porteur  et  des 
conditions  d  emploi  de  la  munition.  C  est  ainsi 
par  exemple  que  1  environnement  d  un  missile 
destine  a  un  avion  embarque  sera  assez  different 
de  celui  rencontre  par  une  torpille  de  sous-marin. 
et  qu  un  certain  degre  de  personnalisation  des 
environnements  accidentels  s  impose. 

De  meme .  les  criteres  de  securite  varieront 
suivant  que  le  potentiel  explosn'  do  la  munition 
est  plus  ou  moins  eleve.  que  le  navire  est  pluc 
ou  moins  precieux.  et  que  les  connequenc.es  d  un 
accident  sont  plus  ou  moins  graves. 


Neanmoins.  dans  le  souci  d  eviter  les  risques  de 
personnalisation  a  outrance.  il  est  apparu  le 
besoin  dun  cadre  de  reference  :  c'est  1  objet  des 
specif ications  d  essf.is  et  des  criteres  standards 
de  securite.  Dans  la  mesure  ou  les  standards  sont 
bien  choisis.  la  personnalisation  pourra  rester 
relativenent  limitee,  et  reservee  aux  cas 
particuliers .  qu'il  s  agisse  de  la  munition  elle- 
meme  ou  du  navire  porteur. 


Las  standards  ont  pour  objet  . 

-  de  fixer  u.n  corps  de  doctrine,  qui  reste  a 
moduler  dan3  les  cas  particuliers. 

-  de  servir  de  guide  aux  concepteurs  de  munitions. 

'  de  couvrir  le  cas  des  munitions  simples  a  usage 
tre3  general. 

-  d'evaluer  a  posteriori  le  niveau  de  securite  des 
munitions  anciennes  pour  lesquelles  il  n’avait 
pas  ete  etabii  initialement  d  objectifs  precis 
de  securite. 

I  Is  doivent  etre  suffisamment  ambitieux  pour 
apporter  un  niveau  eleve  de  securite.  mais  sans 
entrainer  de  surcout  excessif. 

Ils  doivent  etre  egalement  compatibles,,  autant  que 
possible,  avec  ceux  retenus  par  l'OTAN  et  par  les 
Marines  alliees  pour  faciliter  1 ' interoperabil i te . 
Une  concertation  permanente  existe  a  ce  sujet  au 
sein  du  groupe  AC  310  de  l’OTAN  "securite  et  apti¬ 
tude  au  service  des  munitions  et  explosifs".  Le 
NIMIC  (Centre  d  Information  OTAN  sur  les  munitions 
insensibles)  constiUie  egalement  une  reference 
interessante 


AGRESSIONS  RETENUES  PR I OR I TA I REMEN I  : 


Les  accidents  imaginables.  en  temps  de  paix  ou  au 
combat,  sent  extremeaent  noabreux,  et  il  est 
necessaire  de  proceder  a  une  analyse  prealable 
pour  retenir  ceux  qui  sont  les  plus  caracte- 
ristiques  des  menaces  rencontrees 

C  est  naturelleaent  1  incendie.  susceptible  d'etre 
rencontre  en  temps  de  paix  ou  comme  consequence 
i  une  agression  de  combat,  qui  apparaSt  comme 
1' accident  a  prendre  en  compte  en  priorite,  mais 
en  distinguant  deux  types  principaux  dont  les 
scenarios  et  les  effets  sont  assez  differents  : 

1' incendie  de  batiment  de  surface,  et  plus 
particulierement  de  porte-aeronef s .  dans  lequel  le 
carburant  est  un  hydrocarbure  brulant  en  grande 
quant ite  avec  un  important  apport  d'air.  Les 
temperatures  sont  elevees.  et  les  durees  peuvent 
etre  longues. 

1  incendie  de  sous-marin.  dans  lequel  le 
carburant  est  plutc*  une  huile  ou  un  fluide 
hydraulique.  et  oil  quant ite  d  air  disponible 
est  limitee.  Les  temperatures  sont  beaucoup  moins 
elevees,  et  les  durees  assez  breves. 


Ensuite,  1  accident  de  manutention  apparait 
egalement  comme  devant  faire  1  objet  dune  grande 
attention.  II  est  admis  que  la  chute  de  grande 
hauteur  en  est  1  exemple  le  plus  representatif .  La 
hauteur  de  chute  est  generalement  fixee  a  12  m.  le 
receptacle  pouvant  etre  plat  ou  dote  d  obstacles 
pour  simuler  un  effet  de  poinconnement . 

Une  troisieme  categorie  ccmprend  les  agressions 

representatives  de  1  effet  direct  d  une  agression 
de  combat  .  sous  la  forme  d  impacts  de  projectiles 
ou  d  eclats,  parmi  lesquels  on  trouve  : 

-  1  impact  de  projectile  bassement  energetique. 

modelise  par  une  ou  plusieurs  balles  de  12.7  mm 
p^rforantes . 

1  impact  d  eclat  leger  tres  rapide. 

representatif  dun  missile  antiaerien.  modelise 
par  plusieurs  eclats  de  faible  masse  atteignant 

s imul tanement  la  munition. 

1  impact  d  eclat  lourd.  representatif  de 
missiles  antinavires  ou  de  bombes.  modelise  par  un 
seul  eclat  de  masse  plus  elevee  (par  exemple. 
sphere  d  acier  de  250  g). 


Eclat  lourd  :  sphere  d  acier  de  250  g 
munie  de  son  sabot  de  lancement 


Cette  derniere  agression  presente  un  grand  interet 
technique,  car  la  aesure  de  la  vitesse  limite 
entraSnant  la  detonation  est  un  parametre  tres 
discriminant.  La  procedure  d  essai  d' eclat  lourd 
est  largement  utilisee  pour  caracteriser  la 
vulnerabilite  des  nouveaux  explosifs  dans  des 
maquettes  elles-memes  standard: sees .  Le  tableau  1 
presente  quelques  resultats. 


Tableau  1 


IMPACT  BILLE  I.OIRDE 

Vitesse  biife  m/s 


1 100  1200  1300  1400  1500  1600  1700  1800  1900  2000  2100  2200  2300 


O  Explosion 
*  Detonation 


Une  quatrieme  categorie  regroupe  les  agressions 
representatives  des  effets  secondaires  d  un 
accident  initial.  On  y  trouve  : 

la  detonation  par  influence,  qui  permet 
d  evaluer  le  pouvoir  amplif icateur  des  munitions 
dans  un  accident.  en  tenant  compte  des 
configurations  de  stockage  et  du  facteur  aggravant 
apporte  par  le  confinement, 

1  echauffement  lent.  qui  peut  representer 
1  effet  a  distance  dun  incendie  majeur  de 
batiment  de  surface,  avec  un  faible  gradient  de 
temperature  et  une  longue  duree .  Cette  agression 
presente  egalement  un  grand  interet  technique  car 
elle  conduit  aux  reactions  les  plus  violentes  de 
la  munition  en  ambiance  thermique, 

-  1' incendie  de  munitions,  dans  lequel  la  matiere 
combustible  est  un  propergol  ou  un  explosif.  Les 
temperatures  sont  alors  tres  elevees,  et  les  modes 
de  reaction  des  munitions  agressees  sont  encore 
peu  connus. 

Une  derniere  categorie.  qui  n  est  citee  ici  que 
pour  memoire,  couvre  les  agressions  d  origine 
electrique  ou  electromagnetique .  comme  la  foudre, 
1 ' electricite  statique.  les  rayonnements  electro- 
magnetiques  continus  ou  impulsionnels .  Elle  ne 
sera  pas  developpee  ici 


le  tableau  2  recapitule  les  specifications 
existantes  ou  en  cours  d 'achievement . 


Tableau  2 


Liste  des  specifications  d'essais 


Reference 

Titre 

Date 

d  appro¬ 
bation 

IT  n°  9282-1 

Echauffement  rapide  : 

.  incendie  type 

Batiment  de  Surface 
(BS) 

incendie  type  Smis- 
V.arin  (SM) 

o 

CD 

CD 

IT  n  9262 -2 

Impact  de  balle  de 

28-02-88 

IT  n  9282-6 

Chute  de  grande  hauteur 

20-07-88 

IT  n  9262- », 

Impact  d  eclat  lourd 

28-11-89 

IT  rs  9262 -  *> 

Detonation  par  in- 
f I uen  c e 

10-10-89 

IT  r.  9262-6 

Echauffement  lent 

23-10-90 

IT  n  9262  -  X 
yr--:*r 

Imqa  t  d  eclat  leger 

En  cours 

incendie  de  sous-marin  l'objectif  est  de 
n  avoir  aucune  reaction  compte  tenu  de  l'environ- 
nement  particulier, 

-  chute  de  grande  hauteur  il  ne  doit  y  avoir 
aucune  reaction,  avec  poscibilite  de  neutra¬ 
lisation  de  la  munition  pour  enlevement, 

-  impact  de  balle  de  12,7  mm  :  l'objectif  est  de 
n  avoir  aucune  reaction,  ou  au  maximum  une 
combustion. 

-  impact  d  eclat  leger  :  l'objectif  est  de  ne  pas 
avoir  de  reaction  plus  intense  que  la  combustion, 

-  impact  d  eclat  lourd  :  l'objectif  serait  de  ne 
pas  avoir  de  reaction  plus  intense  que  la 
combustion  mais,  compte  tenu  de  la  violence  de 
1' agression,  il  pourra  etre  accepte  des  reactions 
plus  importantes  sans  toutefois  atteindre  le 
niveau  de  la  detonation, 

detonation  par  influence  1  absence  de 
detonation  sera  demandee. 

Ces  exigences,  qui  sont  si  besoin  a  moduler, 
constituent  une  base  significative  elles 
apportent  un  degre  de  securite  saffisant  pour 
qu  un  accident  de  temps  de  paix  ou  une  agression 
de  combat  ne  soit  pas  amplifier  de  fagon 
excessive . 

Bien  que  non  entierement  figes,  ces  criteres 
peuvent  constituer  un  guide  utile  pour  les 
concepteurs  de  munitions.  leur  permettant  de 
choisir  les  options  techniques  pour  un  large 
eventail  d ' appl ications  presentes  ou  a  venir. 


CRITERES  D_ ACCEPTATION 


2es  munitions  recentes  font  1  objet  de 
s p ►» ■.  1  f  i :  a  1 1  .  ns  le  se c ur :  te  .  etablies  en  f  one  t  ion 
iu  r ; sque  potential  presente  par  la  munition,  de 
s  r.  er.  i  i  ■'r"’ ingistiquo  et  operat  lcnr.ei  .  et 
i  .  *vp,>  .le  niivire  ,-v  d  aero.nef  qui  les  portent. 

I*  para  It  pie.  pour  des  munitions  d  une  meme 
i-  :  .  la  demarche  securite  et  la  technologie 
iisp-*niMe  ■-  .-n iuisent  en  general  a  des  exigences 
Ai.milaires  Cette  similarite  est  encore  accrue 
hvque  t  is  que  1  n  m.ene  une  etude  d  ensemble 
ur  la  r  de  1  allocation  en  munitions  d  un 

uavite  .  ; e  i  est,  nn turel  1  ement  le  cas  pour  les 
grands  pr-“’-ets  de  nav  ire  "omme  par  exem^’e  le 
V  v r  A  ■  i ■  n>  N-j  • }  ea  ;  r  e  Oh  a r  les  de  Caul  1  e 

•V:  stade  -jrv.iei.  des  criteres  standard  sen  en 
ur s  :e  mise  au  point  grande s  orientations 

■> ■  t  1  ►* s  >u ; van t* s 


ie  bat i men t  de  surface  la  reaction  ne 
tre  plus  violente  qu  une  combustion.  Une 
supplements  ire  est  visee  pour  les 
1  aerenefs  enbarquees  sur  porte-avions , 
aucune  reaction  me  doit  se  produire 
s  premieres  minutes  de  1  incendie. 


Lanceur  d  eclat  lourd  de  112,7  mm 


M  4 


COMPARAISQN  AVEC  LES  NORMES 

ONU  -  OTAN  -  ETATS-UNIS  -  GRANDE  BRETAGNE 


La  cczpa raison  des  normes  frangaises  avec  les 
normes  etrangeres  et  internationales  fait  l'objet 
du  tableau  3  il  est  notamment  fait  etat  des 
criteres  d  acceptation  lorsque  ceux-ci  existent. 

Les  informations  presentees  proviennent  de  : 

-  ONU  :  division  1.6 

-  OTAN  :  STANAG  4325 

-  ETATS  UNIS  :  MIL  STD  2105A 


-  GRANDE  BRETAGNE  :  BR  8541 

La  cocparaison  fait  apparaitre  une  forte 
convergence  pour  les  principaux  essais.  et  une 
parente  certaine  pour  les  criteres  associes.  Le 
groupe  AC  310  de  1  OTAN  favor ise  1’ emergence  d  une 
doctrine  <* ommune . 


Detonation  de  bomb©  eoumise  a  1 ' echauf fement  rapide 


Tableau  3 


— 

sa*:-  organisation 

ONU 

OTAN 

— 

ETATS  UNIS 

GRANDE  BRETAGNE 

PRANCE 

I*ca:t  oa  ’ e  (12  1  P) 

Cpmc«.St  iQi 

Combust  ion 

t  reccnmaoaat'cr ) 

Combustion 

Pas  ce  detonation 

Pas  d  explosion 

Combustion 

E  f w't  rao;oe 

COfflOw’St 

CombuSt'On 
( recommanaat  *on) 

Combustion 

Se -on  specif iedt ions 

1)  Combust ion(8S) 

*)  Non  react ion(SH) 

Pas  de  detonation 

Pas  de  detonation 
( recommandatior.) 

Pas  de  detonation 

Pas  ae  detonation 

Pas  de  detonation 

Impact  d  ec'at  leqer 

Combust  ion 
(recommandat ion ( 

Combustion 

Combustion 

Impact  3  e:  'at  'curd 

Pas  de  detonation 

tcna-jf  feme^t  lent 

Combustion 

Toute  reaction 

do-t  etre  notee 

ComDuSt -on 

Non  spec i fie 

I’-'ute  ae  grande  ^auteur 

Npn  reaction 

Non  reaction 

Non  reaction 

EVOLUTION  DES  AGRESSIONS  ET  DES  CRITERES 

Les  agressions  et  les  criteres  presentes  ci-dessus 
conduisent  a  concevoir  des  munitions  presentant  un 
niveau  de  risque  attenue  Mais  paradoxalement ,  un 
nouveau  type  d  agression  doit  alors  etre  pris  en 
compte  1  incendie  de  munitions 

En  effet.  les  munitions  a  risques  at tenues, 
concues  pour  bruler  et  non  detoner  lorsqu  el les 
sont  soumises  a  des  agressions  du  domaine 
accidentel.  deplacent  le  probleme  de  la  securi- 
sation  du  stockage  en  soute  ou  de  la  mise  en 
oeuvre  operationnel le  des  munitions.  L  analyse  des 
risques  conduit  desormais.  pour  les  programmes 
d  armement  futurs.  a  prendre  en  compte  les 
inrendies  de  matieres  explosives  et  de  propulseurs 
pouvant  degenerer  en  incendies  generalises 


A  cet  egard  les  capacites  de  lutte  contre 
1  incendie  (passives  et  actives)  dun  batiment  le 
surface  ont  une  limite  en  fonction  de  cette 
limite,  des  environnements  thermiques  maxima  sont 
a  1  etude . 

Ceux-ci  s  expriment  en  pratique  par  la  notion  de 
quantite  maximale  de  munitions  pouvant  bruler  sans 
mettre  en  cause  la  vulnerabilite  de  la  soute.  et 
par  la  notion  de  temps  de  reaction  des  munitions 
avec  ou  sans  conteneurs  soumises  a  des  agressions 
thermiques  de  fort  gradient  de  temperature. 

La  definition  des  criteres  associes  a  ces  exi¬ 
gences  de  securite  depasse  ainsi  la  formulation 
des  premiers  criteres.  presentes  precedemment . 


D  autre  part,  la  menace  terroriste  fait  peser  et 
va  fa  ire  peser  pendant  le  temps  de  paix  tt  le 
temps  de  crise  sur  1  ensemble  des  nations  et  de 
leurs  Marines  en  particuliei  un  risque  important  : 
c  est  ainsi  que  1  attaque  terroriste  type  chaige 
creuse  impose  que  les  effets  du  jet  residuel 
scient  tortenent  attenues  et  que  la  tenue  des 
munitions  futures  a  ce  jet  residuel  soit  etudiee. 

Cet  execple  il lustre  les  nouvelles  preoccupations 
issues  de  1  utilisation  possible  terroriste  ou  non 
des  armes  de  combat  terrestre  centre  les  navires. 


UNE  AUTRE  APPROCHE  :  PRISE  EN’  COMPTE  DE 
L  ENVIRONNEMENT 

La  techn*"»logie  dispomble  dans  le  futur  permettra 
la  tenue  des  nouvelles  exigences  de  securite 
associees  aux  nouvelles  agressions  et  nouveau:*: 
■Titer es  definis. 

Cel les- ci  peuvent  sembler  aujourd  hui  tres 
ambit ieuses  compte  tenu  de  1  etat  de  1  art 
disponible  en  matiere  de  munitions  a  nsques 
attenues  pour  des  couts  acceptables . 

Pour  tenir  les  objectifs  de  securite  des 
programmes,  il  est  done  utile  de  rechercher  des 
solutions  complementaires  d  amelioration  des 
conditions  de  stockage  et  de  mise  en  oeuvre 
opera tionne lie  des  munitions  .  celles-ci  passer.t 
par  le  dure  i  ssement  de  1  environnement  me  me  des 
munitions . 

•■“et  environnement  se  decline  selon  trois  r.iveaux  ■ 

■  les  conteneurs  de  mur.it ins 

i  organise*!  o a  d  u  s  t c  c  k a ge 

-  la  <-•- a  option  et  I  amenagemer.t  des  scutes. 

Les  conditions  de  stockage  ca  soute  ae  munitions 
'.-.'ii'.  e.'it  lonn.e i l«s  euibarquebw  uoitt  v.  •-■.»*» uic. ^  coSixe 
critiques  si  la  reaction  acc identel le  d  une  muni • 
ton  peat  entrainer  la  detonation  en  masse  des 
munitions  voismes.  voire  la  perte  du  batiment . 

La  definition  de  conteneurs  securises  est 
susceptible  d  amelior^r  cette  situation  Des 
regies  de  d imens ionnement  ont  ete  etudiees  eiles 
portent  sur  la  recherche  d  une  configuration  de 
stockage  optimises.  sur  la  definition  d^s 
distances  sinimales  d  isolement  a  respecter  entre 
munitions  ainsi  que  sur  les  carac teristiques  des 
ecrans  a  interposer. 

Les  resultats  s ign i f i ca t i f s  obtenus  pour  des 
munitions  chargees  en  explosifs  coules  fondus 
peraiettent  d  envisager.  pour  des  explosifs  moins 
sensibles.  des  protections  type  conteneurs  et 
ecrans  d  un  dev  is  de  masse  notablement  allege 

D  autre  part,  la  connaissance  des  effets  des 
munitions  soumises  aux  agressions  accidentelles 
perse t  la  realisation  d  etudes  de  securite  de 
stockage  afin  d  optimiser  le  plan  de  stockage  des 
munitions  et  conteneurs  embarques 

Enfin,  la  conception  des  soutes  et  leur 
secunsation  sont  des  composantes  essentielles  de 
1  environnement  "munition”. 


La  definition  de  barrieres  de  securite  type 
blindage,  protections  thermiques.  dispesitifs 
d  evacuation  des  gaz  . .  contribue  a  cette 
secur isa tion .  La  reflexion  est  mer.ee  au  cas  par 
cas  en  prenant  en  compte  chaque  couple 
scute/munition . 


Ainsi  ces  trois  actions  subsidiaires  contrifcuent 
au  durcissement  de  1 ' environnement  munition 
L  integration  des  munitions  a  bord  des  batiment.s 
de  surface  a  un  niveau  de  securite  sati3faisant 
passe  ega  lenient  par  ces  voies  d  etude  elles-memes 
complementaires  de  1  effort  realise  en  matiere  de 
munitions  a  risques  attenues. 

En  conclusion,  la  convergence  entre  les  actions 
portant  sur  la  securite  intrinseque  des  munitions 
et  celles  portant  sur  le  durcissement  de  leur 
environnement  devrait  permettre  de  deboucher  sur 
des  solutions  techniques  de  moindre  ccut  pour 
satisfaire  les  exigences  de  securite  de  chaque 
programme 


SAFETY  SPECIFICATIONS  AND  CRITERIA  CONCERNING  MUNITIONS 
INTENDED  FOR  THE  FRENCH  NAVY 
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*■■«::  f  i cations  and  tests  applicable  to  -unit ions  carried  :n  b.-ard 
mined  and  'u  spared  a i th  standards  in  force  within  other  countries 


discussed 


that  a  reference  framework  is  needed  this  is  the 
aim.  of  the  test,  specifications  and  of  the  standard 
safety  ci i ter  1a  In  so  far  as  the  safety  standards 
have  been  well-selected .  the  tayloring  may  remain 
relatively  limited  and  reserved  for  special 
rases  -  te  it  a  question  of  the  munition  itself  or 
.•f  the  carrying  ship. 


! 

i 


The  objective  of  the  standards  is 


i \  '.  e  ?  :p‘?  f  a r c  i d e r: t 
..  arryir.g  vessel  and  the 
*.•  z\.r.  1 1:  on  is  used  Thus, 
‘v n t  applied  t a  r.issi le 
air --raft  will  be  rather 
a  submarine  torpedo,  sc 
rir.it  f  the  accident 
*"  1  a  I 

a  a  ill  .vary  according  to 
er;tial  t  the  nun  it  ion  is 
h  »'■  s  ;,;p  i  ?.  r>a  r  1 1  *:  u  1  a  r  1  y 
th*-  gravity  of  the 


-  to  establish  a  general  p-'licy  which  nay  be 
adapted  to  suit,  the  particular  case  concerned. 

to  serve  as  a  guide  to  the  munitions  designer. 

-  to  cover  the  case  of  simple  munitions  designed 
for  general  use. 

to  evaluate,  a  posteriori,  the  safety  level  of 
old  munitions  for  which  no  precise  safety 
objectives  had  been  established  initially. 

They  must  be  ambitious  enough  so  as  to  provide  a 
high  level  of  safety.  yet  without  entailing 
excessive  costs. 

They  must  be  also  compatible,  as  far  as  is 
possible,  with  NATO  and  Allied  Navies  standards  in 
order  to  facilitate  interoperability.  A  permanent 
dialogue  exists  on  this  subject  within  the  NATO 
group  AC  310  "Safety  and  Suitability  for  service 
of  munitions  ana  explosives".  NIMIC  (NATO 
Information  Centre  on  Insensitive  Munitions)  also 
represents  an  interesting  point  of  reference 


SELECTED  AGRESSIONS 


Conceivable  accidents,  whether  in  peacetime  or 
luring  a  conflict,  are  extremely  numerous  and 
first  need  to  be  analysed  to  identify  the  most 
charac ter istic  of  the  threats  encountered. 

Fire  is  the  most  likely  accident  to  occur  both  in 
peacetime  and  during  a  conflict  and  so  must  take 
priority  over  the  others,  not  forgetting  to 
distinguish  between  its  two  principal  types,  each 
of  which  has  different  patterns  and  whose  effects 
are  rather  different  : 

-  fire  aboard  a  surface  ship  and  more  particularly 
aboard  aircraft-carriers,  in  which  fuel  consists 
of  a  large  quantity  of  combustible  hydrocarbon 
with  a  large  proportion  of  air.  Temperatures  are 
high  and  the  periods  of  time  concerned  can  be 
long. 

fire  aboard  a  submarine,  where  fuel  is  more 
usually  an  oil  or  a  hydraulic  fluid  and  where  the 
quantity  of  available  air  is  limited.  Temperatures 
are  not  nearly  as  high  and  the  periods  of  time 
concerned  are  rather  short 

Next  are  the  accidents  which  occur  during  handling; 
and  these  deserve  a  fair  amount  of  consideration. 
It  is  accepted  that  material  falling  from  a  great 
height  is  the  most  representative  example  here. 
Height  of  drop  is  generally  fixed  at  12  m.  its 
landing  place  may  be  a  flat  surface  or  one 
equipped  with  obstacles  in  order  to  simulate  a 
perforation  effect. 

A  third  category  includes  agressions  repres*-.., 

t.he  direct  effect  of _ a  combat  agression  *  •  .c 

form  of  projectiles  impacts  or  f ragmen  ,  ..nong 
which  are  found 

-  Low -energy  projectiles  impacts  .Jelled  by  one 
or  several  shots  by  12.7  mm  per fo  a  ting  bullets. 

very  rapid  light  fragment  .impact  from  an  anti¬ 
aircraft  warhead  modelled  vy  one  or  several  shots 
from  low-mass  fragment  hitting  the  munition 
s ;mui taneously . 

heavy  fragment  impact  from  anti -ship  missiles  or 
from  bombs  modelled  by  a  single  shot  from  a  higher 
mass  (. e.g  250  g  steel  sphere). 


This  last  agression  is  of  great  technical 
interest,  as  the  measuring  of  the  maximum  fragment 
speed  leading  to  detonation  is  a  very 
discriminating  parameter.  The  heavy  fragment  test 
procedure  is  widely  used  to  characterise 
vulnerability  of  the  new  high  explosives  in  models 
which  have  themselves  been  standardised.  Table  1 
shows  several  results. 


Table  1 

HEAVY  FRAGMENT  IMPACT 

Speed  nv’s 


1100  1200  1}0C)  1400  1 VOO  1000  1700  1800  I  WO  2000  2100  2200  2100 


O  Explosion 
*  Detonation 


A  fourth  category  covers  agressions  representing 
the  secondary  effects  of  an  initial  accident . 
These  include  : 

-  sympathetic  detonation,  which  allows  for  the 
evaluation  of  the  amplifying  power  of  munitions 
in  an  accident,  whilst  taking  i::4;:  account 
storage  layout  and  the  aggravating  factor  of 
the  confined  space. 

-  slow  cook-off.  which,  with  a  low  temperature 
gradient  and  over  a  long  period  of  time,  can 
model  the  effect  of  a  major  fire  on  board  a 
surface  ship.  This  agression  is  equally  of 
great  technical  interest  as  it  leads  to  the 
most  violent  munition  reactions  in  thermal 
environment . 

munitions  fire.  in  which  the  combustible 
material  is  a  propellant  or  a  high  explosive 
In  such  cases,  temperatures  are  very  high  and 
the  ways  in  which  the  affected  munitions  react 
are  still  little  known. 

One  last  category,  only  referred  to  here  for  the 
sake  of  completeness.  covers  agressions 
originating  from  electrical  or  electromagnetic 
sources  ;  such  as  lightning,  static  electricity, 
continuous  or  pulsed  electromagnetic  radiation 
This  category  will  not  be  developed  here. 


Heavy  Fragment  :  250  g.  Steel  Ball 
on  its  Launching  Sabot 


Table  2  summarises  existing  specifications  or 
those  in  the  process  of  being  completed. 


Table  2 


List  of  the  test  specifications 

Reference 

Title 

Approval 

date 

IT  N*  9282-1 

Fire  : 

.  type  of  fire 
surface  ship 

.  type  of  fire 
submarine 

14  th 
January 
1988 

IT  N"  9282-2 

12,7  mm  Bullet 
impact 

28th 

February 

1988 

IT  n*  9282-3 

Drop  from  a  great 
height 

20  th 
Julv 
1988 

'i  t  k*  9:^--; 

Heavy  fragment  impact 

28th 

November 

1989 

i  .  -  T  *  ..  S 

i'yr.f  atheti  •  detonation 

10th 

Oc  tober 
1989 

.  ■  '*  'v  -  •wi  2  -  C' 

23rd 

Oc tober 
1990 

IT  N  9282  -X 

Light  fragment  impact 

currently 

underway 

k *  •  • : . f  ~ u n l *  i ■  ■ : ; s  a r e  the  s ub ; e c t  o f  safety 
si- o  f :  lti'.  f.s .  established  m  relation  to  their 
{.  t  *.•>;*.  :a i  risk.  t-h«ir  logistical  and  operational 
en*.  ir  .r.Terit  i;vi  the  typ*»  f  ship  or  aircraft 
•  arry  i:;g  ‘  hem 

?’•' r  mur. ;  t  ions  from  the  same  generation,  safety 
jr i  ess**  s  and  available  technology  generally  lead 
specify  similar  requirements.  This  similarity 
is  further  increased  each  time  an  overall  study  is 
arr ied  out  on  the  whole  of  the  munitions 
allocation  a  snip  .  this  is  naturally  the  case 
for  large  snip  projects  such  as  the  Nuclear 
Air--  *  a  f  t  Carr  ie r  Gha r  les  de  Gau lie  . 

At  this  moment  in  time,  the  standard  criteria  are 
in  the  process  of  being  finalised.  The  main  trends 
axe  as  follows 

fire  on  board  a  surface  ship  the  reaction  must 
be  no  more  violent  than  burning.  A  further 
requirement  is  intended  for  aircraft  munition 
■arried  on  board  aircraft  carriers  no  reaction 
must  occur  during  the  first  minutes  of  the  fire. 


-  fire  on  board  a  submarine  the  objective  is  to 
have  no  reaction  given  the  particular  environment, 

-  drop  from  a  great  height  there  must  be  no 
reaction,  with  the  capability  of  neutralizing  the 
munition  for  removal, 

-  12.7  mm  bullet  impact  :  the  objective  is  to  have 
no  reaction,  or  at  the  very  most  a  burning, 

-  light  fragment  impact  :  the  objective  is  to  have 
no  stronger  a  reaction  than  burning. 

-  heavy  fragment  impact  :  the  objective  would  be 
to  have  no  stronger  a  reaction  than  burning,  but. 
taking  into  account  the  violent  nature  of  the 
agression,  stronger  reactions  may  be  acceptable  as 
long  as  they  do  not  reach  detonation  level. 

sympathetic  detonation  there  must  be  no 
detonation. 

Although  not  entirely  finalized,  these  criteria 
can  from  now  on  act  as  a  useful  guide  for 
munitions  designers,  giving  the  opportunity  of 
selecting  technical  options  for  a  large  range  of 
present  or  future  applications. 


Gun  Launching  112.7  mm  Heavy  Fragment 
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COMPARISON  WITH  UN  -  NATO  -  UNITED  STATES  - 
GREAT  BRITAIN  STANDARDS 


Comparison  of  French  standards  with  foreign  and 
international  standards  is  the  subject  of 
Table  3  :  it  notably  sets  out  the  acceptance 
criteria  where  appropriate. 

Information  presented  originates  from  : 

-  NATO  .  ST  AN' AG  4325 

-UN  :  division  1.6 

-•  UNITED  STATES  .  I L  STD  2 105 A 

-  GREAT  BRITAIN  .  BR  8541 

The  comparison  reveals  a  strong  convergence  for 
the  main  tests  and  a  certain  parity  for  the 
associated  criteria.  The  AC  310  NATO  group  may 
encourage  the  emergence  of  a  common  policy. 


Detonation  of  a  Bomb  under  Fast  Cook-off 


Table  3 


e  /  j  ; ; ' r ; s  :  f  a  ; r ecu  i  p »;s  a n  d  cr i  ter  r  a 

Ihe  a’t  .►■  agressi-u.s  and  criteria  have  lead  to  the 
mept  f  less  sensitive  munitions  However. 
-rara  S -  >  i •  a  i  1  • .  a  r.e w  type  of  agression  must 
theref  .  r-  n  w  t  -,r  fallen  into  account  munitions 


:n  eft  *  he  lower  risk  munitions,  designed  to 

burn  and  rot  to  detonate  when  submitted  to 
ogress  i  nr.s  if  an  accidental  nature,  modify  the 
problem  -f  safe  storage  m  magazines  or  the 
operational  applications  of  the  munition  As  far 
as  concerns  future  armement  programmes,  analysis 
of  the  risks  from  now  on  leads  us  to  take  into 
account.  fires  -,f  explosive  materials  and 
propellers  whi *h  may  degenerate  in  generalised 
fires 


In  this  regard,  the  fire-fighting  capabilities 
(passive  and  active)  of  the  surface  ship  are 
limited  ;  with  regards  this  limitation,  maximum 
thermal  environments  are  under  study. 

In  practice,  these  are  expressed  by  the  idea  of 
the  maximum  quantity  of  munitions  which  can  burn 
without  jepordismg  the  vulnerability  of  the 
magazine,  and  by  the  notion  of  reaction  time  of 
munitions.  whether  containerised  or  not.  and 
submitted  to  thermal  attacks  with  a  strong 
temperature  gradient. 

The  definition  of  the  criteria  associated  with 
these  safety  requirements  thus  goes  beyond  the 
^rawing  up  of  those  first  criteria  formerly 
presented . 


Moreover,  threat  of  terrorism  weighs  neaviiv  and 
affects  all  nations  during  both  war  and  peacetime, 
representing  a  huge  risk  for  navies  in 
particular  :  that  is  why  terrorist  attacks  of  the 
shaped  charge  type  imply  that  effects  of  the 
residual  jet  are  greatly  extenuated  and  that 
behaviour  of  future  munitions  in  response  to  this 
residual  jet  has  to  be  studied. 

This  example  illustrates  the  new  pre-occupations 
arising  out  of  possible  terrorist  use  of  weapons 
designed  for  land  combat  against  ships. 


ANOTHER  APPROACH _ :  CONSIDERATION  OF  THE 

ENVIRONMENT  ~  -----  ■  . 

Technology  available  in  the  future  will  allow  for 
respect  of  new  safety  requirements  associated  with 
the  new  types  of  agressions  and  with  the  newly 

All  this  may  seem  very  ambitious  roday  when  state 
:i  the  art  available,  m  the  matter  of  low -risk, 
munitions  at  acceptable  c^sts.  is  taken  into 


In  crier  to  fulfill  safety  objectives  of  the 
r  rc-trrammvs .  :i  is  therefore  useful  to  loo.-:  for 
addin  anal  solutions  to  improve  storage  conditions 
and  ope:  at:  .-rial  uses  the  munitions  .  the  latter 
n  v  .  1  v  i : •. g  a  h a r  i ••  r.  i n g  :  f  t he  e n v l  r o nrnen t  and  e v e r: 


Finally,  design  of  the  magazines,  and  making  them 
safe,  are  essential  components  in  the  "munitions" 
environment.  Definition  of  safety  barriers  in 
terms  of  screening,  thermal  protection,  devices 
for  the  evacuation  of  gases  .  .  contributes  to 
these  safety  measures.  Careful  consideration  is 
given  to  each  case,  taking  into  account  which 
munition  is  put  into  which  magazine  each  time. 

Thus  these  three  subsiduary  actions  contribute  to 
hardening  of  munition's  environment.  If  munitions 
are  to  be  integrated  at  satisfactory  safety-levels 
on  board  surface  vessels,  they  have  to  equally 
undergo  these  study-processes.  the  studies 
themselves  being  complimentary  to  the  work  put 
into  low-risk  munitions. 

In  conclusion.  convergence  between  actions 
relating  to  intrinsic  safety  oi'  munitions  and 
those  relating  to  hardening  of  their  environment, 
should  allow  technical  solutions  to  be  developed 
at  minimum  cost,  in  ordet'  to  satisfy  the  safety 
requirements  of  each  programme. 


Vagiz  in*  design  and  lay cut 


b'tvrige  venditions .  in  the  magazines,  of 

\  e  • :  it:  :  a  1  it  a  :  •:  i  'b'-r.ta  I  •  ter*  a  1. 1  on  :■  f  a  mun  1 1 1  •:  n 

:r.s,  and  even  l-.ss  ■••f  the  ship. 

•  -f  :n  L  tion  serurized  containers  is  hoped  to 

have  teen  studied  they  relate  to  the  search  for 
a  configuration  •:  r  optimised  storage.  to  the 
le  f  mi  tier,  of  minimum  isolating  distances  to 
r e s pe .:  t  be  twe o n  mun :  1 1 ons  a nd  a  1  so  t  the 
■‘hara  *  eristics  of  screens  to  be  interposed 


Significant  results  obtained  frr  munitions 
carrying  :ast  high  explosives  allows  for 
:  .'.-nsideration .  i n  the  case  of  less  sensitive  high 
e  1c  s i res .  of  a  container  or  screen  form  of 
protection  male  ■. ,f  a  notably  much  lighter  mass 


v">rerover .  knowledge  of 
subjected  to  accidental 
s  tud  i  e  s  t •:  be  c a  r  r  i  ed  ou t 
■order  to  optimise  storage 
containers  taken  on  board 


effects  of  munitions 
agressions  allows  for 
on  safety  of  storage  in 
layout  of  munitions  and 


Discussion 


QUESTION  BY  MAWBEY.  UK:  The  Royal  Navy  requirement  for  the  drop 
test  is  also  that  there  should  be  "no  reaction";  also  the  munition 
must  be  dropped  from  a  credible  drop  height  representative  of 
service  use.  The  sympathetic  detonation  pass  criteria  implies 
"explosion"  is  acceptable  -  should  we  not  be  seeking  a  response  no 
more  severe  than  burning  or  deflagration? 

ANSWER:  As  I  indicated  to  you  in  the  presentation,  that  is  not 
completely  defined.  However,  I  gave  you  a  full  orientation, 
concerning  the  criterion  associated  with  the  detonation.  The 
announced  objective  is  to  not  have  a  detonation  of  the  receptor 
munitions:  that  is  the  minimum  safety  requirements;  in  fact, 
specifying  such  non-detonation  implies  a  non-amplification  of  the 
initial  accident.  But  as  you  suggested,  in  other  reactions  less 
severe  than  a  detonation  there  is  not  less  damage  for  the  condition 
of  'he  munition.  In  case  of  a  specific  naval  program,  we  are  bringing 
more  specification  of  the  reactions  in  which  the  level  of  severity  is 
not  more  than  a  combustion. 

QUESTION  BY  HELD.  FRG:  What  was  the  weight  and  velocity  of  your 
light  and  heavy  fragments? 

ANSWER:  The  fragment  velocity  for  the  light  fragment  impact  test 
is  defined  as  follows:  200  m/s  for  three  fragments  of  4  gm  mass 
each.  For  the  heavy  (250  gm)  fragment  impact  tests  the  velocity 
specified  is  1500  m/s.  That  velocity  can  evolve  in  case  people 
criticize  the  testing  conditions  in  Fin's  evaluation  of  new 
pyrotechnic  products. 
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developpcr  et  acijiienr  les  materieK  mi'  correspondent  au\ 
hesouts  de  I'armee  francaise. 

^eilier  a  ;a  bonne  saute  des  industries  !ru»\ai\cs  tie 
.  armemen?  vies  ncc teurs  etatiqucs.  nationalises  on  prives. 

de’.  en  *ppe:  ies  export. ilions  d  .irmement 

prod. are  ^ei'UntK  cqnqvmcnts 

A ■.  sent  de  ia  IXiA  ie  S  I  1*1  est  ie  service  responsible  vies 
cta-tc1-  vfe  svmhevc.  formulation  et  devcloppement  des 
materials  energetiques  f poudres.  e%ploxifs  et  propergoLi. 

(  f.'s  etude'-  sont  ettccL.ces  en  grande  partie  a  la  SNPI  nuns 
. . 1  s s t  dans  un  certain  nombre  d'etahlissement  vie  la  IXiA 
p"ur  ce  vjui  coneerne  revaluation  de  lours  perlormanccs. 
sccurtte.  aptitude  an  service  XiFRBAM  et  GHRPY  vie  la 
Direction  des  Constructions  \avalex.  FIBS  de  la  Direction 
d c s  Armeinenis  lerrestres.  CAERE  et  Oil.  de  la  Direction 
des  Missiles  et  de  I  Lspacei  et  ia  comprehension  des 
I*’?  ie  it*  »me  nes  de  dctoniquc  mis  en  jeu  tCECi  et  Institut  franco 
\i remand  de  Saint  Louis  de  ia  Direction  des  Reeherehes. 
I  tudes  et  I  ecant  jues 


:  IN' TKODL X TION 

La  securite  pyrotechniquc  est  un  souci  permanent  des 
coneepteurs.  des  fabneantset  utili.sateurs  de  munitions,  ("est 
un  probleme  qui  est  traite  depuis  de  nombrcuscs  annees  et 
qui  fait  l  objet  d  une  reglementaiion  tres  precise  et  ires  striete 
s.*cuntc  ties  travailleurs,  an  stockage.  au  transport  .)  ( 1  j. 
L ' absence  d'accident  important  en  France  depuis  de 
nombrcuscs  annees  demon t re  1’efficacite  des  mesures 
reglementaires  ou  des  solutions  techniques  utilisees 

Cepcndant  [amelioration  des  performances  des  munitions  se 
traduit  souvent  par  un  accroissement  des  risques  qu’elles 
presemem  .  leurs  conditions  d’ejnpioi  evoluent.  et  les 
menaces,  particulicrement  en  temps  de  crise,  augmentent.  II 
est  done  primordial  dc  rester  vigilant  et  detudier  Unites  les 
solutions  permettant  de  ‘adapter  a  revolution  des  risques 
pyrotcchniques 


Situe  entre  ies  tormulatetirs.  Lubricants  de  prodints  explosits 
et  Ion  mattres  d'oeuvre  coneepteurs  de  munitions  et  systemes 
d'armes.  Ie  S  I  PF  esi  done  en  ijuelques  sortc  ie  point  toca: 
Iranyais  des  problemes  lies  a  J'utilisation  lies  suhsiaikes 
p\  mieehmques 


MINISTER  E  DE  LA  DEFENSE 
- ! - 
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Certaines  solutions  techniques  permettent  d'avsurer 
aujourd'hui  line  securite  satisfaisante  : 

protections  par  des  maieriaux  qui  attenuent  1'eneigie  de 
Digression  initiale. 

cloisoi.ncments  qui  ralentissent  ou  arretent  la  propagation 
du  sinistre. 

disposition  des  munitions  les  lines  par  rapport  uux  autres  et 
pre  >ced  n  re s  d‘  u :  i  1  i  sa  lion, 

-  ilispositifs  d'imcrvention,... 


Mais  tomes  a’s  .solutions  portent  sur  lenvironnemem  externe 
de  la  munition,  Les  progres  technologiques  de  ces  deux 
dermeres  decenmes  permettent  maintenam  de  eoneevoir  de 
nouvelles  solutions  pour  diminuer  les  risques  en  agissant 
dircctcment  sur  les  maieriaux  explosibles  et/ou  sur  les  autres 
composants  de  la  munition,  et  ont  conduit  .tu  concept  de 
Ml'muons  a  Risques  ATtenues  (MURAT  en  franyais.  IM 
pour  Insensitive  Munitions  en  amencain.  ou  LOVA  pour 
Low  Vulnerability  Ammunition  en  anglais  (2). 

(cs  nsques  pourront  encore  cue  reduits  en  particulier  pardes 
systemes  de  decontinement  qui  empechent  une  reaction  faiblc 


et/ou  locale  de  degenerer  en  reaction  violentc  et/ou 
generalise  (structures  bobmees  ou  metalliques  spualees  en 
cas  de  surpressions  internes,  eordeaux  decoupants  ou 
elements  de  strneture  fusibles  en  eas  dechauffeinems),  mais 
e'est  principaletnem  en  agissant  sur  la  substance 
pyrotechnique  elle-meme  quo  1’on  s'assurera  du  respect  de 
ces  labels  d'immunite. 

La  difficulty  consiste  alors  a  reduire  la  reactivate  do 
substances  tout  en  conservant  un  niveau  de  performances 
compatible  avec  la  mission  de  la  munition. 


3  TRAVAUX  LN  FORMULATION 

La  mise  au  point  de  fonnulations  moins  vulnerables  passe 
par  une  analyse  des  agressions  et  des  mecani sines 
reactionnels  que  celles  ci  mettem  en  jeu.  On  en  deduit 
'ors  les  parametres  critiques  au  niveau  de  la  formulation, 
et  les  voies  dans  lesquelles  la  recherche  doit  s’orienter. 


L.xemples  : 


Les  gtaiuK  axes  d’etiorts  pilotes  en  Lranee  par  le  mmistere 
de  la  Defense  pour  les  3  grandes  families  de  substances 
explosives  .  exploits.  propergols,  ptuulrcs  pour  armes  sont 
‘Tievement  mdiqucs  ci  apres 


3  *  IVopercoN  pour  autoprepulsion 


1  es  etudes  sont  axees  sur  2  votes  eomplementaires  . 

amelioration  des  earaeteristiques  de  securite  et  de 
vulnerability  des  families  de  propergols  existantes 

*  en  jtniant  sur  !e  liant  ttaux.  masse  tnoleeulaire.  ...»  et  les 
charges  Manx,  granulometric,  .  .) 

*  en  recherchant  ties  additifs  qui  dimmuent  la  vitesse  tie 
combustion  des  propergols  a  pressitm  atmosphcriquc  ou  tint 
dmunuent  la  sensihiiite  de  ces  compositions  aux  agressions 
thermiques.  a  I’ltnpaci  tie  lull  *  ou  a  ('impact  de  fragments 

<  Vs  travaux  concernent  les  butargols  {propergols  composites 
a  bam  poly  butadiene  t  et  les  propergols  a  liants  energe:iques 
(pfastities  par  de  la  nitroglycerine  et  charges  en  mtrammes 
»*t/ou  perchlorate  d ’ammonium). 


-  a  partir  d'eiements  de  formulation  (liant,  huile  nitree. 
charge)  que  1'on  estime  devoir  presenter  de  bonnes 
earaeteristiques  de  securite,  amelioration  des  autres  proprietes 
des  propergols  obtenus  (performances,  discretion,  proprietes 
mecamqueset  balistitjues.  rheologic.  stability. 

11  s'agit  ici  d'utiliser  des  matieres  premieres  peu  sensiblcs. 
notamment  le  nitrate  d'ammonium  a  la  place  des  nitramines  et 
du  perchlorate  d'ammonium.  assoc  ices  a  un  liant  base  sur  un 
nouveau  prepolymere  energetique  (le  PAG )  non  plastifie  par 
de  la  nitroglycerine. 

Toutes  ces  etudes  de  formulation  se  font  en  etroite  liaison 
avec  des  travaux  de  methodologie  visant  a  comprendre  les 
phenomencs  entrant  en  jeu  lorsqu’on  soumet  les  chargements 
aux  ditteremes  agressions  (analyse  des  phenomencs  de 
transition  en  detonation,  modclisation  de  let f c t  des 
agressions  sur  les  chargements  el  validation  Mir  des  essais 
instrumentes). 


3  2  LxploMts  de  charucment 

Les  etudes  de  fomiulation  sont  menees  en  parallele  dans  trois 
domaines  : 

*  extension  de  la  gamme  dexplosifs  composites  a  liant 
polymerise  fortemcm  charges  en  oxynitrotria/ole  (ONTA) 
grace  auxquels  la  detonation  par  influence  de  munitions  (5,35 
et  1(H)  kg)  est  evitee  (5)  :  augmentation  du  taux  de  charges, 
amelioration  du  vieillissemem,  introduction  de  nouveaux 
liants  et  plastifiants,  fonnulations  adaptees  aux  munitions  peu 
sensiblcs  devant  procurer  un  effet  dedal,  de  souffle,  de 
relevement  ou  aux  blindae**s  reactifs. 

*  etude  theortque  de  i'enrobage  des  grains  d'cxplosif  pour 
compression  et  influence  sur  l'objet  eomprime. 

*  diminution  .  grace  a  1'introdiK tion  daddmls.  de 
1  inflammability  (delai  de  reaction,  vitesse  de  combustion) 
des  explosils  a  tort  taux  de  charge  en  ociogene  et  en 
h exogene 

La  encore,  les  etudes  de  formulation  utilisem  (ou  servent  a) 
des  travaux  de  methodologie  visant  a  comprendre  et 
ameliorer  les  reactions  des  munitions  (ou  elements  de 
munition)  les  utilisant  On  pent  citer  a  mre  d'exemple  l'ciude 
de  l'influence  de  la  granulometne  et  du  taux  des  di verses 
charges  sur  la  vulnerability  aux  diverses  agressions  et  les 
performances 

Lnfin.  du  point  de  vue  fonctionnement,  la  mise  au  point  de 
nouveaux  systemes  ou  prmcipcs  d'amoryage,  d  une  part  a 
base  de  compositions  elles  memos  peu  sensiblcs,  d’autre  part 
capahlcs  d'amorcer  ces  nouvelles  formulations  moins 
sensibles  aux  chocs,  s'est  egaiemem  averee  necessaire.  Les 
resultats  les  plus  interessants  ont  etc  obtenus  avec  la  mise  au 
point  de  generateurs  d'ondes  de  Mach. 


4-? 


.'-3  Pcnalres  pour  antics 

L.es  eludes  concernent  essentiellement  des  poudres  sans 
nitrocellulose  componant  une  substance  explosive,  en 
general  I'hexogene,  el  un  liani. 

Ces  poudres  dites  composites  constituent  une  transposition 
aux  armes  a  tube  des  technologies  developpeex  pour 
propergols  composites.  Deux  voies  sont  explorees 
simultanement,  compositions  avee  ou  sans  solvani.  et  les 
travaux  concernent  : 

-  ('amelioration  des  proprietes  mecaniques  par  optimisation 
du  liant 


4  HVAI.L'A  TION 

4. 1  Mssais  standards  d  evaluation  de  la  sensibilite 

On  retrouve  pnncipalement  les  epreuves  preconisees  par 
FOND  pour  ie  transport  des  marchandises  dangereuses 
(epreuves  des  series  1. 2  et  3)  et  en  cours  de  standardisation 
au  sein  du  groupe  OTAN  AC  310  : 

•  onde  de  choc 
-  impact 

■  friction 

decharge  electrostattque 

■  ech.uiffement 

metis  aussi  des  epreuves  plus  spectfiqiiemcnt  destinees  aux 
substances  ayant  le  label  d  extremement  pen  sensihles 
(epreuves  tie  la  sene  7  ( )M  '  pour  Ml  ’RAT) 

sensibilite  a  l  amoive 
impae!  tie  lulle 
iriabilue  dungereu-c 

echautlements  lentset  lapulcs 

(.'vs  epreuves  correspondent  generalement  a  vies  stimuli 
eiementaires  et  pevntettrent  tie  eiasser  les  produtts  de  tayon 

relative 

Av  atttages 

epreuves  pen  coutvuvcs  et  tloiis  pocMhiltlc  d  une  large 
t'anque  tie  donnees. 

reaitsables  ties  la  mtse  au  poult  ties  nottvelles  lomuilattons 
••  peu  tie  produit  mis  en  jeui 

Ineonveinents 

ne  ptentr':!  p.o  eft  compte  les  diets  tie  geomCit'ie.  nt.isse  et 

contmement 

la  prediction  du  comportement  en  munition  nest  possible 
ijtte  de  tayoii  relative  pat  lOtnparaison  avee  les  result. tts 
ol’teuits  mr  lies  prodints  ti  a :  o  mettle  t  a  tin  lie 


t  I  preiivt.  -  -  .a  magnetics 

Mtu  de  prendre  en  compte  iMilluence  tie  la  geometne.  tie  ia 
masse  et  du  confinement  ties  chargemenls  stir  la  reactivate  ties 
Mibstatit  e'  esjilosict's.  la  1  ranee  a  lance  tiepins  un  pen  plus 
tie  5  ans  la  reahs.ttion  tiepreuves  generttjues  sur  magnetics 
stanilanlist  es  representatives  tl  oh|ds  reels. 

1!  est  a  noter  que  ees  essais  no  se  substituent  en  aiicun  cas 
aux  essats  sur  munition  et.  s'tis  tiennent  compte  tie 
1  environnetnent  reel  des  substances  explosives,  ne 
preterulent  qti’cn  tionner  une  re.ietic  tie  relative  -at 
comparative 


I'ameltoration  de  1'allumage  au  moyen  d'addttif 

-  raeeroissemem  de  la  force  par  augmentation  du  taux  de 
charge  ou  utilisation  de  Hants  energetiques 

Parrallelement  a  ces  travaux  concernant  les  substances  sont 
effectues  des  evaluations  en  armes  et  des  essais  de 
vulnerabilite  ainsi  qu'une  etude  sur  1'allumage  de  ce  type  de 
poudre. 


l.es  maquettes  utilisees  sont  : 

*  pour  les  explosifs 

-  maquette  acier  (epatsseur  10  mm)  eoruenam  5  kg  de 
prodtiit 

maquette  aluminium  (epatsseur  1  mm)  nontenant  3  kg 
de  produit 

•  maquette  acier  (epatsseur  15  mm)  nontenant  50  kg  de 
produit. 

*  pour  les  propergols 

-  maquette  acier  (0  120  mm)  avee  chargemem  it  canal 
central  nontenant  5  kg  de  prcxJuit 

(On  pent  noter  la  creation  prochaine  d  une  maquette 
de  diametre  exterieur  plus  eleve  pour  tenir  compte  du 
probleme  de  I'oft'ct  canal  (4|) 

*  pour  les  poudres  pour  armes 

•  douille  acier  0  90  mm  contenant  2  kg  de  produit 
douille  combustible  0  90  mm  contenant  2  kg  de 

produit 

et  les  principals  agressions  etudiees  . 

*  impact  de  balle  eal  12,7  (vitesses  variant  de  400  a 
1200t, Vs) 

*  impact  de  fragment  lourd  t hille  de  250  g  -  vitesse 
jusqu'u  2400  m/s) 

*  ecrasement  sous  faible  vitesse  par  tin  boulct  de  X  kg 

*  impact  de  jet  de  charge  crease  0  62  mm  (avee  attemta- 
tenr  acier d'epaisseur  variable  Ida  36(1  mm) 

*  incendie  de  kerosene  (ban  de  2  m  x  2  m) 

*  eehatiffement  lent  (  3.3  c/h) 


Lxemples  tie  resultats 

DGA  EG  OF  TYPICAL  RESULTS  OBTAINED 

S  T  PE  WITH  TESTS  ON  HIGH  EXPLOSIVES  ANALOGUES. 


n  vu,«  mil  if  ifst 

am  M'S  *m  Mrs  nm  ’4-s  tom  M'S  iw  u/s 


[  |  *r>nr*rtr*4 

l_J  nwftiiN 

nvTnrnrvsnr  mnst _ tr^wnoj 


>  PUKi >K^r\<  >N  Dl  rOMmRTHMf-Vi 

l  n  N.cn.1111  nomhre  vie  nnxiehsanons  numenijues  sont  cm 
elude  pour  prednc.  a  partir  dcs  carat  tcnstu|ues 
foiuiamcntalcs  d  une  substance  explosive  ulonneex  tic 
scMsihilne  mais  exilement  propnetes  chimii|ue>,  dctonitjues 
ct  mcca niq ucs)  el  tic  !a  ueometrie  tie  la  munition  dans  lat|ucllc 
ciic  entre  t confinement.  Jiametrc.  » lc  comnortcmenr  dc  cede 
m  i ;i it u m  Mnimisc  a  une  agression  speeititjue.  elle  inetne 
m«  xlehsee 


I)e  idles  modehsations  ont  en  eours  en  l  ianee 
tprineipalement  realisees  par  DKHT.  IX’N  el  SNIMj  Mir 

ies  impacts  tie  balles 
!es  echauf  fen  vents 
-  Ies  impacts  d'eclais 
les  jets  tie  charge  creuse. 

Si  les  resultats  soul  saiistai>ants  pour  les  phcnomcncs  tie 
iraiisitton  chiv/detonation  (prediction  tin  type  tie  reaction)  ou 
ilechautiements  (prediction  ties  tielais  avant  re  -ction  i.  les 
prediciions  soni  bcaucoup  plus  diUicilcs  pour  les 
phenomenes  tie  type  transition  deflaeration'dctonaiion  ou 
transition  retardee  clitxvde tonal  ion 


l 


I 


t>  la  I’kisii  i:n  comimt  ni:s  soll  novs 
SYS  I  I  Ml 
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I..*,  reacuv  ilc  d  une  iiiuniuon  soumisc  a  tine  agression  depend 
non  settlement  de  la  nature  tie  la  substance  explosive  niais 
attest  tie  hi  masse,  de  la  geometric  et  de  Tenveloppe  tin 
ehargement  II  est  tlone  possible  de  jotter  stir  ees  differems 
taeieurs  pour  retluire  les  risques  potentiels  et  les  reaelions 
ohieniics. 

A  litre  if  exemples.  enons 

-  le  seenano  dll  d'eftet  eanal  sitr  les  propulseurs  souinis  a 
tmpaets  de  halle  et  pour  lesquels  les  risques  soiu  dus  a  la 
geometric  tin  chargemem  (rapporl  entre  ie  dhiinetrc  du 
chargemem  et  eelui  du  eanal  central)  favorisam  les 
localisations  ti  oiules  tie  elioe  (4) 

Ce  probleme  est  soluble  par  mixlification  tie  ee  rapptirt  tie 
diametres.  a  premlre  en  eompte  di*s  la  eoneepiion  du 
pritpulsetir. 

le  probleme  tie  iletouation  par  influence  tie  deux  charges 


explosives  resolu  par  I'atilisation  des  enareements 
bieomptisitions.  tine  composition  peu  sensible  aux  choc, 
entouratu  une  composition  ceruraie  pies  cuergetique  cm 
pemiettra  de  eon  server  le  niveau  de  performances  retjuis  ■  5 ; 

-  les  resultats  obtenus  en  douilles  combustibles. qui  oni 
montre  qu  une  meme  poudre  qui  reagit  en  deflagration 
lorsque  soumise.  en  douilie  metallique.  a  an  impact  d'une 
balle  de  12. 7  (les  vitesse  variant  de  3X5  a  1150  m/si.  ne 
reagu  plus  lorsque  chargee  en  douilie  combustible. 

Ces  solutions  svsteme  '  peuvent  egalement  consumer  une 
reponse  au  probleme  des  performances.  En  effet.  ie  simple 
.'emplacement,  dans  une  munition,  d'une  substance  explosive 
par  une  substance  peu  sensible  peut  entrainer  une  baisse 
d'effteacite  inaceeptable  de  cette  munition,  parce  qu  une 
substance  peu  sensible  est  souvent  moms  pert'ormante  mats 
surtout  parce  que  son  fonctionnement  est  different.  Ces; 
alors  route  l'archtecture  Je  la  munition  qui  est  a  reprendre 
svsteme  d'allumage.  geometric,  couplage  avec  Tenveloppe... 


'  COM  IRMVTION  A  I  ('III. I  I  I  I 

\1.tlgre  le  credit  pone  par  1  iiulis.iieiir  potenuel  tic  la  munition 
an x  trav.iux  devaluation  el  tie  prediction  tlu  comporiemeni. 
la  qualification  dune  munition  risque  en  pratique  de  n  cue 
prononcee  t|ii bipres  eonfirmation  stir  olqet  reel  Ln 
pants  ulier.  il  setnblc  qu  tine  demonstration  .i  I'cclieUe  1  tie  la 
:on  tletonaiion  par  inliuence  d'une  munition  en  configuration 
de  'lockage  mu;  obligaioire. 

De  tvN  essais  etant  einiieux.  ils  desrom  generalemeni  etre 
realise'  en  sexcrile  accrue  .  par  maximi'iilton  de 

I  ,igre"ion 


(  <  )M  1.1  Sl(  )N 

Ml  K  \  I  :  mi  label  a  la  carte 

Ires  attentive  an v  orientations  jirises  taut  par  les  pays  tie 
IOTA'S  i particulierement  par  les  lituts  Lnisi  que  par  les 
instances  Internationales  lOM  j  en  m.tticrc  tie  label  tie 
tminititm  a  risques  attenues  (L.OVA,  TM.  objets  1 .0  .  .  I.  la 
I  rance  a  pisqua  mai.itenant  pretere  adapter  ses  eriteres 
tTaeceptation  an  cas  par  eas.  svsteme  d  aritie  par  sweme 
tl.irme 

A  tine  lisle  d  epreuves  obligatoires  mininnile.  le  mail  re 
tl  oeuvre  etatique  tie  la  munition  ajoutera  des  eriteres 
tTaeceptation  spccifique  en  lonetion  tie  soil  application. 

li  esi  important  tie  sotiligncr  qu  au  niveau  ties  compositions 
(propergols.  explosils)  utilisbes.  tl  nexistera  sans  dome  pas 
tie  ’formulation  miracle"  mais  que  le  elioix  dune 
composition  pour  une  munition  donnee  depentlra  tie 
l  aivliitecture  tie  eelte  munition  ainsi  que  de  ses  conditions 
d’eniploi  , mission,  mais  aussi  conditions  tie  stockage. 
transport  .  >  el  surlimt  ties  specifications  tie  performances 
vulnerahiliic  coin  relenties  par  le  maitre  d'oeuvre. 

La  munition  ldeale  ne  sera  en  definitive  que  le  eompromis 
optima!  entre  performances  e:  faible  vulnerahiliic. 
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Discussion 

QUESTION  BY  MAXEY.  UK:  In  the  evaluations,  many  pressure  burst 
responses  were  noted.  In  France,  is  this  an  acceptable  response  and 
what  parameters  (eg  pressure  level,  fragment  throw)  defines  a 
pressure  burst? 

ANSWER:  The  experiments  (tests)  presented  are  the  evaluation  tests 
and  non-acceptance  tests  associated  with  the  precise  criterion.  The 
dummy  utilized  in  these  tests  include  safety  plugs.  At  the  time  of  a 
"over  pressure  burst"  reaction  type  the  plug  is  ejected  but  the  rest 
of  the  dummy  is  intact.  The  question  is  in  the  case  of  a  reaction  of 
type  4  or  5  according  to  the  definition  of  NATO  (non-violent)  and 
then  by  no  means  comparable  to  a  deflagration. 

QUESTION  BY  HELD.  FRG:  Should  not  the  PASS/FAIL  criteria  correlate 
with  munitions  -  quantity,  confinement,  configuration  -  and  not  on 
substances  alone? 

ANSWER:  The  tests  in  full-scale  are  costly  and  carried  out  in 
limited  quantity  (for  example,  people  only  carry  out  bullet  impact 
tests  of  a  certain  caliber,  at  a  certain  velocity,  etc.).  The  test  of 
interest  on  a  substance  is  allowed  to  extend  the  results  obtained  on 
similar  aggression  (for  example  on  the  behavior  of  a  model 
generated  for  bullet  impacts).  That  level  of  acceptance  criterion 
enable  us  to  look  at  same  substances,  by  transportation  and  storage 
the  ONU  and  NATO  AC  258  required,  by  class  object  1.6,  such 
criterion  associated  with  test  series  7  ONU. 
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SUMMARY  AND  INTRODUCTION 


United  States  Air  Force 
military  operations  require 
large  amounts  of 
conventional  high- 
exp  iosive  munitions. 

These  materials  must  be 
stored  in  accordance  with 
Air  Force,  NATO,  and 
host  country  regulations, 
and  in  large  part  consist  of 
hazard  class  1 . 1  mass- 
detonating  munitions. 

Because  of  limited  real 
estate  available  in  many 
theaters  and  the  current 
quantity-distance  (Q/D) 
requirements  for  safe 
storage,  significant  portions  of  the  available 
munitions  inventory  are  either  stored  under 
waivers  or  are  malpositioned  (i.e.,  stored  in 
locations  remote  to  the  airbases). 

The  major  objective  of  the  United  States  Air 
Force  Explosives  Hazards  Reduction  (EHR) 
Program  is  to  gain  full  combat  capability  by 
allowing  required  munitions  to  be  safely 
stored  at  the  base  of  intended  use.  Reduction 
of  munitions  hazards  will  significantly  reduce 
air  base  vulnerability  as  accidents  or  attacks 
on  munitions  stocks  will  not  result  in 
catastrophic  collateral  damage.  The  long 
range  goal  of  the  Air  Force  EHR  program  is 
to  complete  transition  to  insensitive  or  less 
sensitive  munitions  in  all  major  weapon 
systems  as  soon  as  is  practical  v  ithout 
significant  loss  of  weapon  performance  or 
reduction  in  operational  effectiveness.  The 


EHR  Program  encompasses  more  than  the 
development  of  insensitive  High  Explosives 
and  Desensitized  High  Explosives  to  provide 
chemical  solutions  to  reduce  munitions 
hazards.  The  immediate  goal  of  the  United 
States  Air  Force  is  to  reduce  the  hazards 
presented  to  inventory  munitions  by 
developing  and  incorporating  energy 
suppression  devices  such  as  barriers,  shields 
and  diverters,  redesigning  munitions 
packaging,  and  applying  innovative  storage 
and  handling  techniques.  These  activities  will 
permit  the  reduction  of  safety  imposed 
restrictions  (Q/D  limitations)  associated  with 
these  munitions.  This  paper  presents  the 
progress  being  made  in  attaining  the  Air  Force 
immediate  goal  including  key  initiatives, 
ongoing  and  planned. 


BACKGROUND 


Without  munitions  war  is  difficult 

and  ineffective  Munitions  support  No  matter  how  fast,  sophisticated  OT 
the  full  spectrum  of  conflict  versatile  the  fighter  or  bomber  may  be, 

Bullets,  grenades  and  rocket  without  munitions  it  is  ineffective. 

launchers  permit  ground  defense  to 
provide  security  from  ground 

attack.  Air  defense  missiles  and  anti-aircraft  use.  Shipments  may  be  made  by  sea  transport 

guns  provide  security  from  air  attack.  or  we  may  have  to  rely  on  host  nation  civilian 

Bombs,  missiles,  and  bullets  used  to  carry  war  transportation  resources  which  are  to  be 

to  the  enemy  are  the  tools  with  which  the  war  nationalized  at  the  outbreak  of  hostilities, 

is  won.  Central  storage  areas  are  extremely  vulnerable 

to  enemy  action.  The  bulk  of  the  stocks  are 
Historically,  explosives  and  propellants  have  stored  in  open  revetments  and  not  in 

posed  a  major  challenge  to  military  users.  munitions  storage  igloos.  Destruction  of  these 

The  transportation  and  storage  of  large  stocks  or  interdiction  of  supply  lines  to  the 

amounts  of  munitions  are  necessary  to  modern  bases  needing  these  munitions  is  likely.  A 

warfare,  but  present  significant  hazards  to  number  of  mechanisms  or  stimuli  can  initiate 

friendly  forces  because  cf  the  possibility  of  an  explosion  of  a  single  round  of  ammunition, 

inadvertent  explosion  and  mass  destruction  of  and  the  inevitable  result  has  been  the 

the  munitions  and  surroundings.  Large  propagation  of  sympathetic  detonation 

quantities  of  munitions  are  needed  to  conduct  throughout  the  munitions  storage  site,  with  a 

war.  Additionally,  storage  space  is  needed  for  total  loss  of  the  munitions  and,  more 

bomb  components',  fuzes,  boosters,  fins,  etc.  importantly,  personnel  and  materiel  in  the 

While  these  are  relatively  low  in  explosive  local  area.  Because  of  the  violence  of  the 

weight,  storage  volume  required  for  these  reaction  to  various  stimuli,  large  safety  zones 

Hems  is  significant.  are  required  around  munitions,  The  size  of 

these  safety  zones  increases  as  the  number  of 
I-arge  land  areas  are  needed  to  accommodate  munitions  which  are  likely  to  react 

the  safety  clear  zones  for  explosives.  This  simultaneously  increases.  The  term  Maximum 

land,  particularly  in  Europe,  is  expensive  and  Credible  Event  (MCE)  is  used  to  quantify  the 

sometimes  not  available  at  any  price.  The  largest  simultaneous  explosive  reaction 

amount  of  explosives  for  each  storage  facility  possible  (in  terms  of  pounds  of  TNT 

must,  therefore,  be  tailored  to  fit  the  land  equivalent)  in  any  given  situation.  For 

available.  Storage  facilities  which  can  example,  the  MCE  for  a  single  MK82  bomb 
physically  contain  500. (XX)  pounds  of  is  192  pounds.  The  MCE  of  a  stack  of  312 

explosives  are  limited  (on  the  average)  to  MK82  bombs  is  59,904  pounds.  The  MCE 

around  60. (XX)  pounds  because  of  land  can  be  controlled  to  some  extent  by  the  way 

constraints.  This  limitation  has  resulted  in  the  munitions  are  stored,  packaged  and 

situation  where  munitions  in  the  quantities  constructed, 

required  are  not  at  the  bases  where  they  are 
needed.  These  munitions  may  be  stored  at 

another  base  or  at  major  Air  Force  central  The  goal  of  the  Air  Force 

storage  areas.  Explosives  Hazard  Reduction 

Program  is  to  reduce  MCE 


Since  these  munitions  are  not  where  they  are 
needed,  they  must  be  transported,  sometimes 
over  great  distances,  to  the  base  of  intended 


GOAL 


In  order  to  establish  a  program  to  reduce 
munitions  hazards,  in  September  1987  a 
Memorandum  of  Agreement  (MOA)  on  a 
Joint  Requirement  for  Insensitive  Munitions 
(IM)  was  signed  by  representatives  of  the  US 
Army,  Navy  and  Air  Force.  This  MOA 
established  a  joint  service  insensitive 
munitions  policy  for  reducing  the  threat  (to 
survivability  of  US  ships,  aircraft,  weapons 
carriers,  tanks,  other  weapons  platforms,  and 
stockpiles)  posed  by  munitions  and  their 
reactions  to  unplanned  stimuli.  This  policy 
extends  beyond  the  development  of  insensitive 
chemical  materials  [Insensitive/Desensitized 
High  Explosives  (IHE)/DHE)]  as  the  solution 
to  the  problem  and  includes  the  use  of 
improved  mechanical/electrical  design 
concepts  to  reduce  munitions  hazards.  Each 
Service  was  tasked  by  the  MOA  to  implement 
a  system  for  planning,  funding,  and  executing 
its  IM  efforts. 

As  defined  in  the  USAF’s  EHR  Master  Plan, 
the  immediate  goal  is  to  reduce  the  hazards 
presented  to  inventory  munitions  by 
developing  and  incorporating  energy 
suppression  devices  such  as  barriers  and 
diverters,  redesigning  munitions  packaging, 
and  applying  innovative  storage  and  handling 
techniques.  These  activities  will  permit  the 
reduction  of  safety  imposed  restrictions  (QD 
limitations)  associated  with  these  munitions. 
The  long-range  goal  of  the  program  is  to 
complete  transition  to  insensitive  or  less 
sensitive  munitions  in  all  major  weapon 
systems  as  soon  as  practical  without 
significant  reduction  in  operational 
effectiveness.  IM  requirements  will  be 
included  in  all  new  munition  programs 
through  MIL  Standards,  Specifications,  and 
Program  Management  Directives  (PMD).  To 
the  extent  practical,  all  munitions  shall  be 
made  to  meet  the  IM  criteria  (MIL  STD  2105 
"Hazard  Assessment  Tests  for  Non-Nuclear 
Ordnance").  Practical  constraints  include,  but 
are  not  limited  to,  technical  feasibility. 


EHR  PROGRAM  BENEFITS  (PAYOFF) 


■  Reduced  environmental  impact  and 
reduced  need  for  waivers  and 
exemptions  to  explosives  safety 
criteria. 

■  improved  air  base  survivability  and 
combat  sustainability  through  more 
effective  storage  of  munitions. 

■  improved  efficiency  of  munitions 
storage  by  providing  worldwide  on¬ 
scene  &  on-call  EHR  and  facility  site 
planning  assistance. 

■  Improved  explosives  facility  site 
planning  capability  by  providing 
guidance  in  the  form  of  handbooks 
and  on-site  training. 


affordability,  inventory,  shelf  life,  and  return 
on  investment.  If  a  munition  cannot  be 
designed  to  be  insensitive,  it  will  be  made  less 
sensitive  by  incorporation  of  appropriate  and 
feasible  IM  design  features.  Munitions  that 
are  not  made  insensitive  will  be  examined 
periodically  to  determine  if  emerging 
technology  or  other  factors  can  make  the 
munitions  less  sensitive. 

The  Air  Force  IM  policy  directives  require 
that  all  US  munitions  will  be  designed  to 
minimize  the  effects  of  unplanned  stimuli. 
While  the  standards  for  such  occurrences 
could  be  satisfied  by  insensitive  energetic 
materials,  these  materials  are  presently  not 
available  and  it  would  not  be  feasible  to 
replace  the  explosives  in  all  inventory 
munitions.  Therefore,  the  long  range  policy, 
to  transition  all  major  weapon  systems  to 
insensitive  or  less  sensitive  munitions,  must 
await  development  of  a  chemical  solution 
which  is  several,  if  not  many,  years  away. 


KEY  INITIATIVES 


Several  key  initiatives  ot'  the  IM  Program  are  listed  in  table  1. 


Table  1.  Key  Initiatives 

1.  Buffered  Storage  prevents  propagation  between  stacks  of  bombs  tn  storage.  Tests  have  proven  that 
barrier  materials  placed  between  stacks  of  bombs  can  prevent  explosive  propagation.  The  concept  has  been 
approved  by  the  Department  of  Defense  Explosives  Safety  Board  (DDESB).  Barrier  materials  which  have 
been  approved  include  20mm  ammunition  and  certain  CBUs.  Since  these  are  not  universally  available,  a 
generic  buffer  program  using  earth,  sand,  gravel,  and  manufactured  barrier  materials  has  been  initiated. 

The  generic  buffered  storage  program  will  allow  increased  munitions  storage  in  the  same  land  area  and  limit 
the  effect  of  enemy  attack  and  terrorist  actions  on  a  munitions  storage  area. 

2.  Barriers/shields  and  packaging  designed  to  prevent  the  propagation  of  one  munitions  item  to  the 
next  will  reduce  the  MCE.  Barriers  can  be  placed  inside  or  outside  munitions  containers  or  between  bombs 
on  parked  aircraft.  Simple  changes  to  the  way  munitions  are  packaged,  such  as  orienting  missiles  within  a 
container  so  that  the  warheads  do  not  align,  can  also  reduce  the  MCE  Effective  barriers  can  limit  the 
maximum  credible  event  to  one  munitions  item  in  a  magazine  full  of  munitions  or  one  bomb  on  an  aircraft. 
Barrier  and  packaging  technologies  will  result  in  significant  reductions  in  Q-D  required,  li  wili  a!;..:  reduce 
the  effect  of  enemy  or  terrorist  attack.  The  use  of  barriers  has  already  proven  successful  with  40mm 
grenades,  and  propagation  between  two  MK-84  bombs  on  the  wing  of  an  F-16  has  been  prevented.  Other 
munitions  being  addressed  for  barrier  technology  are  the  MK-20  Rockeye,  CBU-87,  and  CBU-89.  All 
munitions  could  benefit  from  this  technology. 

3.  Flight  line  storage  bins  Will  reduce  many  of  the  hazards  associated  with  explosives  operations  on 
the  tlightline.  Proof  of  concept  testing  for  a  flight  line  storage  bin  has  been  completed.  A  significant 
increase  in  sortie  generation  is  possible. 

4.  Hardened  aircraft  shelters  (HAS)  provide  an  opportunity  to  increase  sortie  generation.  When 
an  aircraft  load  ot  munitions  detonates  within  a  HAS,  massive  fragments  are  projected  and  large  safety 
distances  are  required  around  the  HAS.  Scale  model  tests  have  shown  that  if  the  MCE  could  be  reduced  to 
1000  pounds  or  less,  no  significant  fragment  hazard  would  exist  outside  the  HAS.  Barrier  technology  could 
limit  the  MCE  of  a  loaded  aircraft  to  1000  pounds  or  less  and  reduce  or  eliminate  the  Q-D  requirement 
around  HAS. 

5.  Munitions  site  surveys  Will  be  conducted  to  determine  how  both  existing  criteria  and  IM  initiatives 
can  be  best  applied  at  the  air  base.  EUR  initiatives  needed  to  resolve  specific  problems  can  also  be 
identified.  Thi'  evaluation  will  include  a  site  plan  and  storage  planning  documents.  In  addition,  the  site 
survey  team  will  provide  munitions  site  survey  training  to  those  commands  desiring  this  type  of  service. 

6.  Munitions  Storage  Modules  (MSM)  are  less  expensive  alternatives  to  concrete/ steei  arch 
igloos.  Large  Scale  testing  on  MSM  was  conducted  in  1989.  Engineering  design  changes  resulting  from  the 
testing  are  being  completed.  Small  scale  tests,  to  verify  these  changes,  and  the  final  design  drawings  need  to 
be  completed  before  MSM  can  be  certified  by  the  DDESB.  MSM  will  provide  the  same  protection  as  a 
concrete  arch  igloo,  at  less  cost.  MSM  can  be  used  cost  effectively  to  provide  covered,  deep,  secure  storage 
for  munitions  at  central  depots 

7.  Lightning  protection  is  a  key  initiative  for  munitions  storage.  Lightning  protection  is  now  required 
by  DDESB  tor  all  munitions  storage  facilities,  and  appears  to  be  a  default  requirement.  However,  the  Air 
force  has  never  provided  lightning  protection  for  open  storage  of  munitions  and  there  is  no  evidence  of  any 
accidents  resulting  from  lightning-caused  detonation  of  these  munitions.  There  is  good  technical  evidence 
that  properly  stored  munitions  do  not  need  lightning  protection.  Providing  this  protection  for  open  storage 
of  munitions  in  Europe  alone  would  cost  at  least  10  million  dollars.  A  study  and,  if  necessary  ,  testing  will 
be  conducted  to  determine  if  the  requirement  for  lightning  protection  of  open  storage  munitions  is  valid. 


txieii  of  the  above  key  initiatives  will  be  discussed  in  greater  detail  in  the  following  paragraphs. 


BUFFERED  STORAGE 


Previous  Air  Force  Testing 
Programs  have  shown  that 
propagation  between  stacks  of 
bombs  could  be  prevented  by 
using  air  and  or  munitions  items 
as  buffer  materials  between  stacks 
of  MK-82  and  MK-84  bombs  in 
munitions  storage  igloos1. 

Various  densities  of  buffer 
materials  were  placed  between  two 
stacks  of  bombs  in  an  attempt  to 
prevent  propagation  from  one  stack  to  the 
other  (se*  ficrav  ^  ).  stawk  contained 

about  60,000  pounds  net  explosives  weight 
(NFW).  The  munitions  buffers  selected  were 
of  sufficient  densities  to  defeat  fragment 
attack.  Areal  densities  of  500  pounds  per 
square  foot  were  successfully  tested. 
Separation  distance  was  found  to  be  important 
because  of  overpressure  in  an  enclosed  space. 
An  acceptable  separation  distance  proved  to  be 
38  feet  between  bomb  stack  boundaries. 
While  it  is  convenient  to  use  munitions  as 
buffers,  the  munitions  items 


Figure  2.  Buffer  Materials  can  prevent 
propagation  between  stacks  of  munitions 


tested  as  buffers  are  not  always  available. 
Since  only  tested  items  may  be  used  as 
buffers,  it  is  imperative  that  other  reauily 
available  materials  be  qualified  for  use. 

Several  factors  must  be  considered  in 
designing  these  buffering  systems  as  shown  in 
table  2.  These  include  cost  and  availability  of 
the  raw  materials  or  final  products,  the  ability 
to  handle  buffer  materials  with  existing 
equipment  and  the  labor  needed  to  maintain, 
emplace  and  remove  the  buffer  materials  as 
well  as  the  performance  of  the  buffer  system. 


Table  2.  Buffer  Material  Considerations 

COST  AND  AVAILABILITY:  Since  large  amounts  of  buffer  materials  will  be  required,  it  is 
necessary  to  minimize  the  cost  for  these  systems.  If  they  can  be  fabricated  from  local,  readily 
available  materials,  significant  savings  in  shipping  costs  could  be  achieved. 

HANDLING  COMPATIBILITY:  The  final  buffer  must  be  compatible  with  existing  handling 
equipment.  Weight  and  size  limitations  wii!  be  dictated  by  the  capacities  of  available  forklift 
trucks,  door  sizes  of  igloos  and  magazines,  and  other  logistics  considerations  of  this  nature. 

LABOR  REQUIRED:  The  labor  required  to  emplace,  maintain  and  remove  these  buffer  materials 
is  a  key  factor.  Materials  which  need  little  or  no  continuing  maintenance,  such  as  concrete 
blocks,  are  preferred  over  more  labor  intensive  systems. 

BUFFER  PERFORMANCE:  The  buffer  must  be  able  to  sufficiently  mitigate  the  fragment  attack 
from  the  detonation  of  a  60,000  pound  NEW  stack  of  bombs  to  prevent  propagation  to  the 
next  stack  of  bombs. 


'  This  concept  was  approved  by  the  Department  of  Defense  Explosives  Safety  Board  (DDESB). 
At  the  299th  DDESB  meeting,  the  following  subparagraph  h  was  added  to  DOD  6066.9-STD  Chapter 
9  paragraph  b.1 :  "If  DDESB  approved  buffered  configurations  are  provided,  the  NEW  for  Q/D  purposes 
is  the  explosive  weight  of  the  largest  stack  plus  the  explosives  weight  of  the  buffer  material. " 


BARRIERS  AND  PACKAGING 


Currently  fielded  munitions  containers  are 
designed  to  meet  requirements  defined  in 
MIL-STD  648 A  "Design  Criteria  for 
Specialized  Shipping  Containers"  and 
XWS-32350  "Critical  Item  Development 
Specification  for  Containers".  These 
documents  address  specifications  for 
vibration,  environment,  handling, 
maintainability,  size  and  weight.  The 
following  stimuli  w'hich  are  not  currently 
addressed  in  container  design  are  of 
immediate  and  critical  concern  to  the  Air 
force;  cookoff  (fire  hazard),  bullet 
impact,  fragment  impact  and  sympathetic 
detonation.  With  the  application  of 
modern  armor  technology  and  advanced 
materials,  a  munitions  container  can  be 
designed  to  protect  the  weapons  from 
unplanned  stimuli;  but,  should  a  reaction 
occur,  sympathetic  detonation  from  container 
to  container  will  be  mitigated.  This  class  of 
physical  mitigation  or  suppression  devices  is 
being  investigated  to  improve  safety  and  to 
permit  reduced  MCE  and  Q/D. 

Barriers,  diveners  and  packaging  with  internal 
or  external  shielding  provide  a  low  cost 
opportunity  to  reduce  munitions  hazards.  It  is 
the  intent  of  the  Air  Force  to  continue  to 
develop  and  implement  a  comprehensive 
barrier  technology  effort.  The  Air  Force  has 
been  conducting  a  technology  investigation  of 
a  deformable  mechanical  diverter  which 
separates  MK-84  general  purpose  bombs  (see 
figure  3.).  This  barrier  typically  runs  the 
length  of  the  weapon  and  varies  from  6  to  12 
inches  in  width  and  2  to  4  inches  in  thickness, 
depending  on  the  material  used.  The 
combination  of  physical  separation  with  a 
shock  reduction  media  is  intended  to  reduce 
the  peak  shock  experienced  by  the  adjacent 
weapons  to  a  level  below  the  initiation 
threshold  for  the  explosive  used.  The  diverter 
also  acts  as  a  deflector  for  the  bulk  of  the 
weapon  fragments  so  that  either  they  do  not 


Figure  3.  Barriers  can  prevent 
propagation  between  munitions 

strike  the  adjacent  weapons  or  their  impact 
angles  are  very  low!.  The  effectiveness  of  this 
technique  has  been  demonstrated  in  a 
configuration  of  four  MK-82  bombs  in  a  row  , 
two  bombs  high,  facing  a  similar 
configuration  nose  to  nose.  Tests  also 
included  bombs  configured  with  fuzes  and 
fins.  In  one  case.  15  of  16  bombs  in  the  test 
were  not  sympathetically  detonated  by  the 
donor.  Many  MK-82  tests  were  conducted; 
some  resulted  in  successes,  others  failed. 
Diverter  technology  efforts  to  date  strongly 
indicate  that  diverters  can  deter  sympathetic 
detonation.  The  reasons  for  diverter  failures 
encountered  with  MK-82  bombs  are  being 
investigated. 

Diverters  will  deter  sympathetic  detonation  in 
many  situations,  but  it  is  necessary  to  acquire 
a  thorough  understanding  of  the  detonation 
products  (fragments  and  blast  characteristics, 
etc.)  and  how  these  products  affect  adjacent 
rounds.  Only  then  can  we  select  materials 
and  design  a  diverter  that  will  reliably  deter 
sympathetic  detonation.  One  of  the  major 
objectives  of  this  task  is  to  define  and  verify 
modeling  and  testing  techniques  to  assist  in 
developing  and  implementing  diverter/barrier 
technology. 


The  Air  Force  has  an  operational 
requirement  to  store  40  MM  High 
Explosive  Dual  Purpose  (HEDP)  rifle 
grenades  in  Security  Police  armories. 

These  items  are  Hazard  Classification 
1,  Division  1  (C/D  1.1)  because  they 
mass  detonate  and  they  can  be  stored 
only  in  the  munitions  storage  area. 

The  Air  Force  has  conducted  a  series 
of  tests  using  a  new  packaging 
configuration  for  the  HEDP  rounds 
(see  figure  4.),  and  has  shown  that, 
the  maximum  credible  event  (MCE) 
can  be  limited  to  one  round.  Also, 
testing  has  shown  that,  when  the 
containers  are  stacked,  initiation  of 
the  shaped  charge  in  the  upper 
container  does  not  propagate  to  a  round 
directly  below  in  the  lower  container.  This 
means  the  grenades  can  be  reclassified  to  CD 
1.2  non-mass  detonating,  and  can  be  stored  in 
the  armories  where  they  are  needed. 

Cluster  Bomb  Units  (CBU's)  in  the  current 
inventory  are  being  replaced  by  the  CBU-87 
(Combined  Effects  Munitions)  and  CBU-89 
(Gator  Antitank  and  Antipersonnel  Mines). 
The  inventory  CBUs  are  assigned  C/D  1.2. 
However,  the  new  CBU-87s  and  CBU-89s  are 
assigned  C/D  1.1.  and  require  large  Q/Ds 
because  they  mass  detonate.  Storage  capacity 
for  C/D  1 . 1  munitions  is  already  limited.  The 
introduction  of  CBU-87  and  CBU-89  creates 
additional  storage  problems,  which  can  be 
avoided  if  modifications  can  be  made  to  the 
munitions  or  munitions  containers  which  allow 
them  to  be  classified  as  C/D  1.2.  The 
CBU-87s  and  CBU-89s  are  packaged  two  in  a 
CNU-327E  container  (see  figure  5.).  It  may 
be  possible  to  stop  propagation  by  modifying 
the  packing  material  within  the  container  or 
by  placing  external  mitigating  material  shields 
on  the  outside  of  the  container.  To  this  end, 
testing  will  be  done  to  better  understand 
close-in  effects  of  the  detonation  of  a  CBU-87 
and  CBU-89.  Characteristics  of  the  individual 


Figure  4.  Prototype  container 
for  40MM  (M433)  grenades 

submunitions  are  known;  however,  detonation 
of  an  intact  CBU-87  and  CBU-89  has  not  been 
characterized.  This  characterization  will  be 
conducted  both  on  single  items  and  on  a 
standard  storage  configuration  (CNU-327E 
containing  two  CBU's).  Information  derived 
from  the  munitions  characterization  test, 
coupled  with  known  characteristics  of 
candidate  barrier  materials  and  the  sensitivity 
of  the  submunitions,  will  determine  if  redesign 
is  feasible.  External  modifications  to  the 
CNU-327E  may  be  required  to  ensure 
sufficient  mitigation  of  fragment,  blast,  and 
shaped-charge  effects. 


Figure  5.  CBU  Container  with  Barriers 


Modeling  and  validation  ot'  the 
modification/redesign  is  accomplished  in  four 
stages.  Small-scale  tests  using  sections  of  the 
proposed  container  determine  if  the  design  is 
feasible  and  obtain  relative  measures  of  the 
mitigation/protection  afforded  to  the 
submunitions.  Single-package  tests  determine 
if  propagation  can  be  prevented  between  two 
CBU’s  in  the  same  container  (these  tests  may 
be  omitted  if  munitions  characterization  tests 
indicate  there  is  little  likelihood  that 
propagation  between  individual  items  can  be 
prevented).  Unconfinedcomainer-to-container 
tests  determine  if  propagation  can  be 
prevented  vertically,  horizontally,  and  front  to 
rear.  If  the  foregoing  tests  are  successful,  a 
standard  hazard  classification  test  senes  is 
accomplished  in  accordance  with  Air  Force 
Technical  Order  11A-1-47. 

FLIGHT  LINE  STORAGE  BINS 


'  i';  Am, 


Figure  6.  Bins,  each  containing  one 
sortie  of  munitions,  can  be  located 
adjacent  to  aircraft  operating  areas. 
Other  munitions  can  be  dispersed  in  bins 
throughout  the  airbase. 

Mission  requirements  and  physical  constraints 
have  created  a  requirement  for  waivers  and 
exemptions  to  explosives  safety  criteria  at 
many  Air  Force  Bases.  These  waivers  and 


exemptions  identify  hazardous  conditions 
which  threaten  both  U.S.  and  other  nations 
assets  and  personnel.  Aggressive  action  must 
be  taken  to  eliminate  the  hazard  or  protect  the 
personnel  and  assets  affected.  Funds  to 
construct  new  facilities  and/or  purchase 
additional  land  are  not  available.  One 
relatively  inexpensive  solution  to  many  of  the 
conditions  requiring  waivers  and  exemptions 
is  the  use  of  munitions  storage  bins  or  in- 
ground  munitions  containers  (see  figure  6).  In 
addition  to  reducing  required  clear  zones, 
munitions  storage  bins  will  provide  for 
improved  survivability  and  sustainability  at 
both  permanent  and  bare  base  facilities. 


The  objectives  of  the  bins  are  to: 

1.  Reduce  environmental  impacts,  explosives 
safety  separation  distances,  waivers  and 
exemptions  to  explosives  safety  criteria,  and 
threat  to  personnel,  munitions,  facilities,  and 
other  assets; 

2.  Increase  survivability  and  sustainability  of 
combat  operations  by  safely  prepositioning 
several  days  of  munitions  stocks  at  aircraft 
operations  areas;  and 

3.  Provide  alternative  munitions  storage 
methods  to  support  combat  air  operations  and 
increase  the  survivability  of  munitions  stocks. 


HARDENED  AIRCRAFT  SHELTERS 

Barrier  and  flightline  storage  bins  or  in- 
ground  munitions  containers  have  the  potential 
for  solving  the  most  serious  operational 
limitation  problems  facing  our  logisticians. 
For  example,  hardened  aircraft  shelters  (HAS) 


are  generally  sited  for  the  maximum  quantities 
of  munitions  they  are  permitted  to  store  (only 
10,000  pounds  net  explosives  weight).  This 
limits  the  amount  of  explosives  to 
accommodate  multiple  sortie  generation.  The 
explosives  safety  clear  zone  required  to  store 
10,000  pounds  of  explosives  in  a  hardened 
aircraft  shelter  is  1,335  feet.  If  the  munitions 
are  stored  on  the  ground  outside  of  the  shelter 
the  required  distance  is  1,250  feet.  If 
munitions  storage  bins  were  used  to  store  the 
additional  sorties  required  at  the  'ircraft 
shelter,  the  shelter  could  be  sited  for  4,000 
pounds  NEW  (enough  for  one  sortie)  and  the 
required  safety  distance  could  be  reduced  to 
985  feet.  Proof  of  concept  testing  indicates 
that  the  inhabited  building  distance  required 
around  munitions  storage  bins  would  be  760 
feet.  The  munitions  storage  bins  could  be 
located  within  the  985  foot  clear  zone  of  the 
HAS  and  therefore  effectively  reduce  the  clear 
zone  around  hardened  aircraft  shelters  from 
1335  feet  to  985  feet.  Bins/below-ground 
storage  :ontainers  make  it  possible  to  store  a 
significant  number  of  munitions,  increase 
sortie  generation  and  not  exceed  Q-D  for  4000 
pounds  NEW. 


HAS  dear  zone 
for  10,000  pounds 
of  explosives 

Football  Field  for 
size  reference 


HAS  Clear  Zone  for  4000  pounds 
of  explosives  plus  36  munitions 
storage  bins  sited  for  2500 
pounds  of  explosives  each 
(a  total  of  94,000  pounds). 

Figure  7.  Expected  Clear  Zone 
Reduction 


Munitions  SITE  SURVEYS 


Airbase  munitions  site  surveys  and  munitions 
hazard  reduction  planning  will  identify 
problems  created  by  the  presence  of 
munitions,  and  quantify  the  scope  and  severity 
of  the  problem  as  it  relates  to  airbase 
survivability  and  operability.  These  data  will 
be  used  to  quantify  benefits  gained  by 
application  of  IM  technologies  and  wiil  help 
prioritize  and  justify  funding  for  IM 
initiatives.  These  surveys  will  identify  actual 
operational  combat  limitations  and  other 


restrictions  limiting  the  unit's  ability  to 
effectively  complete  its  combat  mission. 
Surveys  will  address  peacetime  operational 
needs,  pre-hostility  build-up,  and  sustained 
combat  operations.  The  surveys  will 
particularly  address  explosives  safety  waivers 
and  exemptions  to  determine  what  actions  can 
be  taken  to  reduce  or  eliminate  them  without 
degrading  the  mission  capability.  Surveys 
will  consist  of  five  phases  shown  in  table  3. 


Table  3.  Five  Phase  Program  for  Munitions  Site  Surveys 

Phase  1 : 

Determine  munitions  requirements.  Review  applicable  documents  to  determine  the  total  munitions  requirements. 

Identify  explosives  capacities  for  all  storage,  maintenance,  assembly,  holding  areas,  emergency  munitions  storage 
sites,  hardened  aircraft  shelters  and  other  areas  that  are  identified  as  explosives  locations. 

Identify  USAF/MAJCOM,  as  well  as  funded  and  unfunded  MCP/NATO  munitions  storage/operating  facilities. 

Determine  applicable  national  and  international  explosives  safety/survivability  criteria. 

Review  existing  approved  explosives  site  plans  and  Host  Nation  approval  documents  if  applicable. 

Obtain  waiver,  deviation,  and  exemptions  documents  if  applicable. 

Determine  the  total  explosives  capacities  and  operational  limits  for  all  explosives  locations  (currently  approved). 
Determine  the  difference  between  existing  storage  capability  and  requirements. 

Evaluate  previously  directed  (pre-direct)  munitions  shipment  for  quantity  and  timing  of  munitions  shipments. 

Review  existing  munitions  pre-direct  transportation  plans  for  currency  with  relevant  agencies. 

Validate  pre  direct  emergency  munitions  storage  locations  and  storage  capabilities. 

Evaluate  munitions  assembly  and  delivery  capabilities. 

Determine  munitions  personnel/equipment  requirements  &  availability  to  sustain  daily  combat  operations. 
Determine  munitions  personnel/equipment  requirements  &  availability  to  receive  pre-direct  munitions  shipments. 

Phase  2: 

Quantify  survivability,  sustainability,  operability  problems  under  existing  operating  conditions. 

Determine  munitions  shortfalls/overages  and  operational  restrictions  caused  by  munitions. 

Determine  impact  of  pre-directed  munitions  receipt  on  combat  operations. 

Determine  the  hazard  posed  by  U.S.  munitions  on  survivability,  operability,  and  sustainability  of  the  airbase. 

Develop  a  base  map  depicting  munitions  hazards  affecting  survivability/operability. 

Prepare  documents  describing  operability  and  sustainability  problems  created  by  munitions 
shipments/operations. 

Phase  3: 

Determine  enhancements  possible  to  survivability,  sustainability,  and  operability,  through  improved  application  of 
current  safety  criteria,  re  warehousing  munitions,  or  adding  low  cost  enhancements  such  as  barricades. 

Review  existing  waivers/deviations  t-  determine  if  they  are  required/valid. 

Develop  munitions  storage  plans  for  all  munitions  storage  facilities,  holding  areas,  other  operating  locations,  and 
hardened  aircraft  shelters,  if  applicable. 

Prepare  a  revised  explosives  site  plan  indicating  peacetime  and  wartime  munitions,  if  applicable. 

Phase  4 

Quantify  survivability,  operability,  and  sustainability  gams  from  application  of  currant  or  ongoing  IM  initiatives. 
Develop  munitions  storage  plans  which  depict  storage  gams  through  application  of  IM  technologies. 

Develop  explosives  site  plans  to  quantify  gams  in  base  storage  capacities. 

Develop  a  base  map  to  compare  explosives  hazards  using  EHR  technologies  versus  current  technologies. 
Document  survivability,  operability, and  sustainability  gams  made  through  use  of  these  technologies. 

Phase  5: 

Identify  and  quantify  new  mitiatives/technologies  which  should  be  included  in  the  Air  Force  EHR  program. 


MUNITIONS  STORAGE  MODULE 


Standard  munitions  storage  igloos  are 
designed  and  certified  to  store  a  Net 
Explosive  Weight  (NEW)  of  500,000 
pounds.  These  igloos  cost 

approximately  $450,000  each.  Tests 

conducted  under  the  Air  Force 

Munitions  Hazards  Reduction  Program 
using  a  modular  igloo  have 

demonstrated  the  feasibility  of  this  new 
design  approach  (see  figure  8.),  which 
would  cost  about  $250,000  each.  The 
igloo  concept  is  based  upon  the  integral 
connection  of  single  precast  concrete 
panels.  Steel  beams  are  cast  internally 
in  tne  panels  and  are  assembled  to 
provide  most  of  the  structural  integrity. 


Figure  8.  Munitions  Storage  Module 


The  MSM  provides  an  increased  explosive  siting  capability,  more 
effective  use  of  land  and  a  substantial  cost  savings  over  standard  steel 
arch  and  Strad/ey  explosives  storage  facilities. 


The  general  procedure  for  erecting  the  modular  igloo  is  outlined  in  table  4: 


Table  4.  MSM  Erection  Procedure 
Prepare  the  construction  site  and  foundation 
Place  the  precast  floor  slabs 

Erect  and  hold  in  place  the  back  wall  and  first  section  of  each  side  wall 
(wall  sections  are  joined  to  the  floor  slab  by  inserting  the  steel  members 
into  existing  slots  in  the  floor  slab) 

Place  the  first  section  of  the  roof  (this  stabilizes  the  first  wall  sections) 

Continue  wall  erection  and  roof  placement  of  each  section  until  the  basic 
structure  is  complete  (wall  and  roof  sections  are  attached  to  previously 
erected  sections  by  slip  joints) 

Place  door  frame  and  doors 

Place  frontal  retaining  cap  and  wing  walls 

Cover  the  structure  with  soil  overburden 


LIGHTNING  PROTECTION 

Currently  the  DOD  requires  lightning 
protection  for  open  munitions  storage  pads. 
The  Air  Force  has  not  implemented  that 
requirement  and  is  being  pressured  by  the 
Department  of  Defense  Explosives  Safety 
Board  (DDESB)  to  do  so.  This  is  in  spite  of 
an  apparent  lack  of  information  on  the  effects 
of  lightning  strikes  on  munitions.  In  fact,  it 
appears  that  there  have  been  no  Air  Force 
incidents  of  munitions  exploding  because  of 
lightning  strikes.  In  addition,  the  Air  Force  is 
unaware  of  any  instances  in  service  or 
industry  where  the  main  charge  explosive 
inside  unfuzed,  cased  munitions  has  exploded 
as  a  result  of  lightning  strikes.  Because 
lightning  protection  for  open  storage  will  cost 
$10-20  M  in  USAFE,  the  EHR  program 
office  discussed  the  lightning  hazards  with  Los 
Alamos,  Sandia  National  Laboratories 
Albuquerque,  and  the  U.S.  Army  Missile 
Command  (MICOM),  the  latter  two  having 
lightning  simulation  facilities.  These 
discussions  indicate  that  the  explosives  inside 
unfuzed,  cased  munitions  should  not  react 
upon  attack  by  generic  lightning  strikes.  This 
initiative  will  validate  or  try  to  eliminate 
explosive  safety  requirements  for  lightning 
protection. 

CONCLUSIONS 

The  Air  Force  Insensitive 
Munitions/Explosives  Hazard  Reduction 
Program  is  a  significant  undertaking  that  has 
the  cooperation  and  support  of  the  major 
commands.  The  program  serves  the  changing 
needs  of  the  Air  Force.  It  will  facilitate  base 
reductions  and  future  operational 
requirements.  Cost  savings  realized  by 
implementing  EHR  initiatives  will  more  than 
return  the  cost  of  this  program.  Improved 


safety  and  survivability  of  munitions  stocks 
will  provide  significant  operational  benefits. 
This  program  has  been  fully  included  in  Air 
Base  Operability  considerations  to  improve  air 
base  operations,  survivability,  and 
sustainability.  The  Air  Force  EHR  program 
has  several  key  initiatives  which  directly 
address  the  changing  needs  of  the  Air  Force. 

Key  initiatives  are  in  the  barriers  and 
packaging  area.  Barriers  and  packaging  which 
can  be  designed  to  prevent  the  propagation  of 
one  munitions  item  to  the  next  will  reduce  the 
MCE.  Barriers  can  be  placed  inside  or 
outside  munitions  containers  or  between 
bombs  on  parked  aircraft.  Simple  changes  to 
the  way  munitions  are  packaged,  such  as 
orienting  missiles  within  a  container  so  that 
warheads  do  not  align,  may  also  reduce  the 
MCE.  Effective  barriers  and  packaging  can 
limit  the  MCE  to  one  munitions  item  in  a 
magazine  full  of  munitions  or  one  bomb  in  a 
mission  ready  aircraft.  This  will  also  result  in 
significant  reductions  in  quantity-distances 
required,  and  allow  more  munitions  to  be 
stored  in  closer  proximity  to  airbases, 
flightlines  and  hardened  aircraft  shelters 
(HAS)  where  they  are  needed. 

Because  munitions  are  critical  to  the  war 
fighting  effort,  the  hazards  to  friendly  forces 
must  be  accepted  but  must  also  be  minimized. 
The  Air  Force  Explosives  Hazard  Reduction 
Program  interfaces  within  the  framework  of 
the  Air  Base  Operability  mission  to  defend. 
survive,  recover,  generate  and  support. 

Under  the  defend  framework,  explosives 
hazard  reduction  procedures  will  increase 
munitions  storage  capacity,  and  ensure  that 
base  defense  ammunition  and  explosives  can 
be  stored  at  the  base  and  locality  of  intended 


use.  Additionally,  techniques  which  reduce 
hazards  of  munitions  can  enhance  availability 
of  munitions  to  the  base  defenders. 

Survival  can  also  be  greatly  enhanced  by 
storage  techniques,  containers  designed  to 
mitigate  propagation,  and  facilities  which  will 
lower  MCEs  and  reduce  both  direct  and 
collateral  damage  from  enemy  action. 

To  ensure  survival  of  vital  munitions 
resources,  innovative  storage  facilities  such  as 
flight  line  munitions  storage  bins  will  disperse 
munitions  stocks  in  the  operating  areas, 
provide  protection  from  attack  and  reduce  the 
need  for  large  and  vulnerable  munitions 
storage  areas. 


The  IM  Program  is  recognized  as 
critical  to  the  survival  of  our 
tactical  air  forces,  and  will  be 
pursued  with  vigor  and  a  high 
priority  sense  of  purpose. 

With  the  advent  of  the  Air  Force  IM  program, 
reduced  munitions  hazards  have  become  a 
design  requirement  for  all  munitions  planned 
and  in  development.  Improved  defense  and 
survival  of  munitions  and  user  personnel  make 
it  much  easier  to  recover  from  enemy  attack, 
generate  sorties  and  provide  combat  support  to 
attack  the  enemy. 


Discussion 

QUESTION  BY  FRECHE.  FRANCE:  You  have  shown  that  reduction  of 
risks  can  bring  an  important  increase  of  quantities  of  munitions  that 
can  be  stored  in  a  given  storage  area.  If  you  have  insensitive 
munitions  will  you  be  able  to  increase  again  these  quantities? 

ANSWER:  Yes!  The  ultimate  solution  to  the  Air  force's  storage 
problem  is  truly  insensitive  munitions  using  insensitive  high 
explosives  (IHE).  When  1HE  is  available,  there  will  be  no  problems 
with  storage.  However,  we  believe  that  IHE  will  not  be  available  for 
many  years,  and  that  expedient  methods,  such  as  buffered  storage 
and  underground  bins  next  to  hardened  aircraft  shelters  are  needed 
to  improve  storage  problems  in  the  interim. 

QUESTION  BY  CHIZALLET.  FRANCE?:  The  USAF  has  a  strong  interest 
with  problems  met  in  storage.  This  means  an  interest  for  NATO  1.6 
risk  division  which  mainly  solves  IM  by  just  utilization  of  IHE  to  fill 
in  the  munition.  This  is  not  necessary  with  IM  policy,  where  the  only 
important  point  is  result.  What  is  the  USAF  position  regarding  this 
question? 

ANSWER:  It  is  our  position  that  the  insensitive  munitions  goal  to 
achieve  hazard  classification/division  1.6  (C/D  1.6)  will  not  be 
achieved  in  the  near  future.  Maybe  never!  However,  there  are  many 
ways  to  make  munitions  less  sensitive,  to  reduce  hazards  to  a  more 
acceptable  level  and  to  thereby  improve  our  storage  problems  and 
combat  capability.  We  are  actively  pursuing  methods  to  reduce 
munitions  hazards  to  C/D  1.2  and  C/D  1.4  using  mechanical  and 
physical  means  while  awaiting  the  ultimate  chemical  solution. 
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1.  SUMMARY 

This  survey  paper  summarizes  cunent  US  effort s  in 
advanced  gun  propulsion  technologies  The  majority  of  these 
RAD  efforts  today  focus  on  advanced  solid  propellants 
(including  those  specifically  designed  for  low  vulnerability 
characteristics),  liquid  propellant  guns,  electric  guns  concepts, 
and  the  ramjet  cannon  accelerator.  While  the  motivation  for 
these  efforts  is  mainly  improved  ballistic  performance,  of 
almost  equal  concern  are  operational  vulnerability  as  well  as 
a  hazards  associated  with  the  transportation,  storage,  and 
handling  of  munitions.  A  major  concern  for  technologists 
today  is  how  to  reconcile  these  apparent  contradictory  goals. 
The  goal  of  truly  "insensitive''  munitions  is  probably 
unrealisuc  Less  sensitive  munitions  are.  however,  possible 
and  desirable  It  is  now  clear  that  operational  survivability 
and  vulnerability  of  gun  -c arrying  weapon  systems  are  affected 
to  a  significant  degree  not  only  by  the  sensitivity  of  munitions 
stored  on  board,  but  also  by  the  packaging,  storage  location, 
degree  of  confinement,  compartmeniation.  and  overall  external 
and  internal  system  protection  Munitions  sensitivity  or 
vulnerability  can  no  longer  be  evaluated  realistically  in 
isolation  from  the  weapon  system  This  has  profound 
impluauons  on  insensitive  munitions  design  and  lest 
methodology 

2.  INTRODUCTION 

Gun  propulsion  research  and  development  efforts  in 
the  US  are  currently  focused  on  improving  the  ballistic 
performance  and  achieving  meaningful  increases  in  overall 
system  effectiveness  Reduction  of  weapon  system 
vulnerability  has  become  a  major  motivation  during  the  last 
two  decades  with  the  growing  realization  that  combat 
survivability  is  as  important  a  factor  in  effectiveness  as  system 
lethality  With  the  additional  backgound  of  catastrophic 
munitions  fires  on-board  aircraft  earners,  massive  ammunition 
dump  fires,  and  munition  train  disasters  experienced  in  the  last 
25  years,  it  is  not  suprising  that  a  consensus  developed  with 
a  clearly  stated  goal  to  field  only  munitions  (Ref  1 )  which  are 
insensitive  to  the  maximum  extent  possible 

Early  studies  showed  that  the  elimination  of 
sympathetic  detonation  could  significantly  increase 
surv iv ability  of  ships  camying  mixed  stores  of  explosives  and 
pro  pell  ants,  «id  that  the  use  of  lesssensiuve  gun  propellants 
would  dramatically  reduce  the  number  of  M60  series  tanks 
killed  in  battle 

Insensitive  Munitions  (IM)  Programs  in  the  US 
Services  hsve  focused  primarily  on  weapon  platform 


survivability  such  as  infantry  fighting  vehicles,  tanks  and 
ships,  reduced  vulnerability  of  rocket  propellants  and  reduction 
of  sympathetic  detonation  and  response  to  cook-off  of  bombs 
in  stores.  Each  service  has  different  priorities.  The  Air  Force 
is  concerned  with  base  magazine  storage  of  munitions 
(survivability  and  quantity  distance).  The  Navy  concern  is 
ship  survivability.  The  Army’s  primary  concern  is  combat 
vehicle  survivability  and  munitions  transport  and  storage 
safety. 

Since  the  initial  efforts  began,  a  Navy-approved 
document,  MJL-STD-2105A  (Ref  2)  has  been  developed 
which  defines  the  mandatory  tests  and  the  pass/fail  criteria  for 
the  assessment  of  safety  and  insensitive  munitions 
characteristics  of  all  non-nuclear  weapon  ystems  and 
munitions,  munition  systems,  and  explosive  devices.  Program 
managers  are  now  responsible  for  planning  and  executing  a 
hazard  assessment  test  program  which  includes  a  lest  plan 
based  on  a  realistic  life  cycle  threat  a  hazard  environmental 
profile. 

In  virtually  all  advanced  gun  propulsion  programs 
the  dominant  ballistic  goal  is  to  achieve  substantial  increases 
in  kinetic  energy.  The  need  for  higher  muzzle  velocities  may 
become  clearer  as  the  benefits  and  system  burdens  of  very 
high  velocities  become  better  defined.  However,  it  is 
becoming  increasingly  more  difficult  to  extract  more  kinetic 
energy  from  a  given  conventional  gun  envelope.  While 
conventional  wisdom  says  that  we  are  at  the  limit  of  muzzle 
velocities  for  chemical  gun  propulsion,  velocities  on  the  order 
of  3km/s  have  been  demonstrated  (Ref  3-4).  However,  the 
thermodynamic  efficiency  decreases  at  very  high  velocities  to 
the  point  that  such  an  approach  is  typically  not  attractive  from 
a  tactical  systems  perspective. 

The  options  available  to  increase  the  kinetic  energy 
of  projectiles  are:  (1)  combine  modest  incremental 
improvements  in  projectile  design,  gun  pressure  limits, 
propellant  energy  density,  and  progressively;  (2)  develop  a 
larger,  longer  gun;  (3)  explore  alternative,  non -conventional 
gun  propulsion  options  for  impt  ballistic  performance  at 
a  system  peialry  less  than  the  first  two  options. 

The  challenge  to  conventional  munitions  designers 
is  now  two-fold  In  addition  to  the  usual  requirements  of 
increased  performance  and  effectiveness,  the  requirement  for 
reduced  vulnerability  and  increased  strvivability  of  the 
munition  is  also  established  by  the  IM  policy  Increased 
energi  and  lest  sensitivity  mt  not  easily  achievable  in  concert 
and  novel  approaches  and  trade-offs  mt  required  as  described 
below  While  advanced  conventional  gun  propulsion 


approaches  are  indeed  making  remarkable  progress,  the  hope 
is  that  in  the  long  term  electric  gun  propulsion  options  will 
result  in  more  effective  gun  systems  than  possible  by 
conventional  means. 

3.  US  PERSPECTIVES  ON  INSENSITIVE  MUNITIONS 

Specific  IM  requirements  and  thus  the  assessment 
tests  must  be  placed  in  the  perspective  of  the  specilic  weapon 
system  in  which  munitions  are  to  function.  Weapon  systems 
and  threat  environments  differ  greatly  between  the  services. 
Guns  systems  cm  board  ships,  aircraft,  tanks,  armored 
personnel  carriers,  self-propelled  artillery,  lowed  artillery,  etc. 
all  face  considerably  different  battlefield  threats  and  may  have 
different  levels  of  acceptable  survivability.  These  differences 
must  be  accounted  for  in  establishing  the  IM  criteria  and 
assessment  tests  for  munitions. 

In  this  section  we  briefly  summarize  the  US  Army 
and  Navy  perspectives  on  Insensitive  Munitions  with  respect 
to  gun  propulsion  technologies  The  views  of  the  US  Air 
Force  reflect  to  a  significant  extent  both  Army  and  Navy 
views  While  the  focus  here  is  gun  propulsion.  Boggs  and 
Derr,  (Ref  5)  describe  many  of  the  same  issues  and  problems 
for  hazards  of  solid  propellant  rocket  motors 

3.1.  Navy  Perspective 

The  US  Navy  has  led  the  way  towards  establishing 
Insensitive  Munitions  requirements  and  lest  protocols  largely 
as  a  consequence  of  the  importance  of  ship  survivability.  To 
a  significant  extent  the  requirements  and  protocols  served  as 
models  for  the  Joint  Services  Requirements  Document.  Any 
advanced  naval  gun  systems  will  be  required  to  meet 
Insensitive  Munition  requirements  (Ref  1 -2,6-9).  To  that  end 
the  USN  is  collaborating  with  the  other  Services  on  some 
advanced  (non-solid)  gun  propulsion  technologies  (e.g..  the 
electroihermal/cherrucal  (ETC)  gun  system  to  meet  the 
emerging  anti-ship  missile  threat  in  close  in  weapon  system 
(CTWS)  application)  Because  resources  are  limited,  however, 
and  because  there  remains  a  considerable  inventory  of  solid 
propellant  based  gun  weapon  systems,  there  remains  a 
continuing  focus  to  meet  the  goals  of  IM  requirements  in  these 
more  conventional  systems.  While  much  of  the  early  effort 
was  based  upon  application  of  nitramine  propellant 
technology,  more  recently  there  has  been  added  emphasis  on 
the  ammunition  as  a  total  system.  That  is.  improvements  are 
aought  for  the  total  gun  munition  package  in  its  entire  logistics 
life  cycle  An  example  is  described  below. 

For  fixed  cartridges,  substitution  of  PBX  explosive 
in  the  warhead  should  be  accomplished  in  concert  with 
substitution  of  LOVA  (low  vulnerability  ammunition) 
propellant  in  the  propulsion  system.  Furthermore,  at  the 
su^utembly  level,  consideration  needs  to  be  given  all  the 
components,  as  well.  The  relative  roles  of  the  propeUau.  the 
igniter  design,  the  igniter  material,  the  case  design,  aid  even 
the  crimp  force  must  be  understood  and  addressed  as  a  system. 
Similarly,  packaging,  stowage  arraigemenl.  fragment  axl/or 
fire  protection  systems  need  to  be  given  proper  attention  not 
only  in  credible  event  analytical  assessment,  but  also  in 
specific  end  item  testing. 

Experience  in  developing  an  improved  76  mm 
cartridge  serve  to  illustrate  many  of  the  above  points.  A 


LOVA  propellant  was  developed  (and  qualified  in  accordance 
with  Ref  S  to  replace  the  single-base  M6+2  propellant  (Ref 
10).  This  LOVA  propellant  featured  many  attributes  sought 
in  a  propellant  required  to  meet  IM  requirements  (e.g.,  higher 
ignition  temperature);  yet  until  the  BENl  1 1  igniter  material 
was  replaced  with  a  special  LOVA  Igniter  (LI)  material  and 
until  the  drawn  steel  cartridge  case  was  replaced  with  a  spiral- 
wrap  case  design,  the  cartridge  was  unable  to  meet  the  Navy's 
IM  requirements.  Regarding  the  igniter,  in  fast  and/or  slow 
cook-off  the  BENI  l  b  igniter  material  ignited  at  a  temperature 
well  below  the  LOVA  propellant  resulting  in  an  igniter  cook 
ofT  and  subsequent  aggressive  response  of  the  cartridge. 
Similarly,  even  when  special  temperature  resistant  LI  materials 
were  incorporated  so  that  the  LOVA  propellant  cooked-off 
before  the  igniter  (in  a  localized  zone),  there  was  sull  an 
aggressive  response  of  the  cartridge  until  the  drawn  steel  case 
design  was  replaced  with  a  spiral-wrap  case  (capable  of 
venting  at  low  pressure). 

Finally,  despite  demonstration  of  the  improved 
cartridge  to  meet  IM  requirements,  a  simulated  shipboard 
magazine  test  revealed  that  a  characteristic  of  the  fire 
protection  system  prevented  realization  of  the  full  potential  of 
the  improved  cartridges.  In  testing  for  conformance  to  IM 
requirements  (Ref  9).  it  had  been  demonstrated  that  the 
response  of  cartridges  improved,  typically,  from  an  aggressive 
propulsive  deflagration  to  a  mild  burning  response.  In  the 
mock  magazine  simulation  test  (including  sprinkler  protection 
system),  it  was  teamed  that  the  IM  lest  permissible  burning 
response  can  still  result  in  catastrophic  response  as  cook-off 
propagation  of  adjacent  munitions  in  a  confined  storage 
arrangement  is  likely.  The  simulated  systems  tests 
demonstrated  that  application  of  large  quantities  of  water  from 
the  existing  sprinkler  system  was  effective  in  controlling  cook¬ 
off  proy  agalion.  However,  the  response  characteristics  of  the 
sprinkler  sensors/syslem  needed  to  be  improved  to  prevent 
cook-off  propagation.  In  summary,  then,  consideration  and 
complete  understanding  of  the  ammunition  (and  all  its  parts) 
in  its  entire  logistics  life  cycle  is  vital  to  the  success  of  the  IM 
initiative. 

3.2  Army  Perspective 

Rocchio,  et  al.  (Ref  11)  describe  one  of  the  earliest 
attempts  in  the  US  to  find  low  vulnerability  ammunition 
(LOVA)  alternatives  to  conventional  lank  ammunition.  Only 
recently  did  Insenitive  Munitions  Requirements  (Ref  1)  and 
the  associated  test  protocols  (Ref  2)  become  Army  policy. 
While  a  standard  test  methodology  is  very  important  and 
useful,  it  has  been  found  to  be  difficult  to  apply  the  Navy 
standard  methodology  to  Army  systems.  MIL-STD-2105A 
specifies  tests  that  are  of  marginal  relevance  to  the 
environment  in  which  Army  munitions  may  be  exposed. 
Another  issue,  however,  is  that  passing  all  the  required 

standard  tests  summarized  below  still  does  no. _ cssarily 

result  in  munitions  satisfactory  for  an  Army  threat/hazards 
environment. 

There  art  three  sets  of  tests  used  to  assess  or  qualify 
energetic  mstenal s/munitions  with  respect  to  hazards.  The 
sets  of  tests  are  (■)  IM  Tests  (described  in  MTL-STD  2105A), 
(b)  system  vulnerability  tests  (developed  to  assess  system 
survivability  requirements  and  (c)  die  UN  Hazard 
Classification  Tests,  described  in  Army  TB  700-2,  used  for 
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shipping  and  storage  purposes.  Table  1  lists  the  seven  build  flexibility  into  the  lest  procedures  and  to  make  a 
standard  IM  tests  distinction  between  logistic  and  tactical  type  tests. 


Table  1.  US  Insensitive  Munitions  Test  Summary 

Test  Passing  Criteria 

Fast  cookoff  burning  permitted 

Slow  cookoff  burning  permitted 

Bullet  impact  burning  permitted 

Fragment  unpact  burning  permitted 

Symp  detonation  no  propagation  of  detonation 

lei  impact  no  detonation 

Spall  impact  no  burning  permitted 

The  latter  two  tests  are  only  required  if  the  threat  hazard 
assessment  determines  that  they  are  credible  threats.  The  slow 
cookoff  test  is  also  waived  for  Army  systems  if  no  realistic 
scenario  can  be  described.  All  tests  are  described  in  M1L- 
STD  2 105 A.  which  has  recently  been  approved  for  Nsvy  use 
and  is  available  for  use  by  the  other  services 

Hazard  Classification  tests  are  run  in  conformity  with 
UN  procedures  and  are  described  m  Army  Technical  Bulletin 
TB  70<>2.  The  tests  are  intended  to  assess  the  response  of  the 
ammunition  in  its  shipping  and  storage  configuration.  As  pan 
of  the  Hazard  Classification  Process,  all  munitions  are 
subjected  to  a  sympathetic  detonabon  lest  and  a  bonfire  (fast 
cookoff)  test,  which  are  very  similar  (but  not  ldenbcal)  to  their 
IM  counterparts  To  qualify  for  Hazard  Class  1.6  (Extremely 
Insensitive  Detonating  Substance),  munitions  must  be  subject 
to  t  slow  cookoff  test  and  a  bullet  impact  test  which  are  also 
similar  to.  bui  not  identical  with,  theu  IM  counterparts 

The  IM  Tests  do  not  necessarily  address  Army  system 
vulnerability  problems  For  instance,  it  would  be  very  unusual 
for  an  army  muniuon  to  be  hit  by  a  16  gram  fragment  at  8300 
fps  (the  IM  Fragment  Test)  Likewise,  it  would  be  very- 
unusual  for  an  Army  munition  to  b-  exposed  to  a  heat  source 
which  would  result  tn  a  6  degree  F  per  hour  heating  rale  (the 
IM  Slow  Cookoff  Test).  On  the  other  hand,  it  is  quite  possi¬ 
ble  that  a  propulsion  charge  could  pass  the  IM  Shaped  Charge 
Impact  Test  but  the  burning  reaction  could  be  sufficiently 
rapid  to  destroy  a  tank  ammunibon  companmenL 

While  this  technical  view  is  not  an  official  Army 
position,  efforts  are  underway  to  develop  a  unified,  coherent 
policy  tailored  for  Army  systems. 

The  Army  position  is  that  if  the  mumbon  does  not 
pass  the  inaensiuve  munition  tests  using  the  recommended 
procedures,  a  waiver  must  be  granted  to  type  classify  the  item. 
An  essential  element  in  approval  of  the  waiver  is  an 
agreement  between  t  uev eloper  and  the  user  to  correct  the 
deficiency. 

Recently,  this  policy  was  tested  only  partially  for  a 
kmebc  energy  lank  round  which  contains  the  propellant  JA2. 
The  IM  testa  showed  that  the  mumbon  failed  the  fast  cookoff, 
fragment  impact  and  spall  impact  tests.  After  review  of  the 
alternatives  it  was  determined  that  the  technology  was  not 
readily  available  to  correct  all  of  these  deficiencies  and  the 
research  centers  were  directed  to  allocate  resources  to  solve 
these  problems  The  exercise  further  substantiated  the  need  to 


The  Army  is  currently  reconciling  these  test 
methodologies  in  a  coherent  framework  to  be  published  as 
M1L-STD-2105B. 

4.0  CURRENT  MAJOR  US  GUN  PROPULSION 
EFFORTS 

In  this  secbon  we  survey  many  of  the  gun  propulsion 
technologies  currently  under  investigation  in  the  USA.  The 
discussions  include  brief  technical  descripuons,  the  underlying 
mobvation  for  the  efforts,  a  summary  of  the  current 
technological  status  and  technical  challenges,  and  a  brief 
review  of  the  insensibve  munitions  aspects  of  these  gun 
propulsion  approaches. 


4.1  Advanced  Solid  Propulsion 

4.1.1  Energetic  Materials 

The  energebc  material  is  often  the  most  cribcal 
component  which  determines  vulnerability  of  munibons  (Ref 
1 1 ).  There  are,  however,  exceptions  to  this  rule  and  thus  the 
entire  munition  [projectile,  case,  ignition  system,  addibve 
packages,  propellant,  storage  system,  etc  ]  must  be  treated  as 
a  system  and  the  interplay  of  cribcal  components  idenbfied. 
W'hile  the  system  aspects  of  vulnerability  reducbon  of 
amruinibon  must  be  always  be  kept  in  mind,  the  discussion 
here  will  focus  on  solid  gun  propellants.  The  goal  of  US 
research  has  been  "low  vulnerability"  ammunition  (LOVA), 
not  "no  vulnerability"  ammunition! 

The  mechanism  of  response  of  munitions  to  a  threat 
stimulus  must  be  understood  in  order  to  have  •  reasonable 
chance  to  develop  improved  energebc  materials  The  efTecbve 
threat  stimulus  experienced  by  a  propellant  depends  on:  the 
inibal  threat,  the  armor  or  other  proteebon  that  filters  this 
threat,  and  the  local  stowage  configuration  of  the  rounds 
themselves.  For  armored  systems  there  .  two  fundamental 
threats  fragmeru/spali  impact  and  hypervelocity  impact  (H VI ) 
with  the  latter  resulung  from  either  chemical  energy  jet  (CE) 
or  kinetic  energy  penetralor  (KE)  threats.  Fire  and  heal  are 
secondary  threats  as  they  arise  from  prior  initiation  of  a 
muniuon  by  a  primary  threat 

Spall.  The  principal  iniuabon  mechanism  associated  with 
spall  impact  of  gun  propellants  has  been  shown  to  be  thermal 
ignibon  by  oonducbve  heat  bansfer  from  the  spall.  The 
detailed  mechanism  is  very  complex  and  is  controlled  by  the 
chemical,  mechanical,  and  thermophysical  properties  of  the 
propellant  Figure  I  (Ref  12).  Extensive  research  showed  that 
this  threat  could  be  mibgaied  by  propellants  with  high  thermal 
ignibon  thresholds,  characterisbcs  which  cannot  be  achieved 
with  nitrocellulose-based  formulabons  but  mt  found  in 
rutr amine  composite  formulabons. 

The  role  of  the  thermal  decomposition  chemistry  of 
the  energebc  aolid  and  polymer  matrix  are  reasonably  well 
understood.  The  eneTgebc  solid  should  hive  a  high 
temperature  for  onset  of  thermal  decomposition.  Nitrate  esters 
are  inferior  to  the  nitramine  and  nitro  groups  in  this  respect. 
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For  the  polymer  matrix,  thermal  decomposition  should  occur 
at  temperatures  at  or  slightly  below  that  of  the  energetic  solid 
and  this  decomposition  should  be  endothermic  rather  than 
exothermic.  The  most  effective  polymers  exhibit  thermal 
decomposition  which  upon  acid  catalysis  is  shifted  to  lower 
temperatures  and  becomes  more  endothermic.  These 
characteristics  are  effective  because  they  interfere  with  heat 
transfer  from  the  spall  particle  to  the  energetic  aolid. 
Knowledge  of  this  mechanism  has  led  to  effective  spall 
mitigation  design  rules  for  new  formulations  to  miugate  the 
spall  threat. 


Figure  1.  Tbermophyycai  process  involved  in  spall  initialion  ol  gun 
propellants 

Hvpervelocitv  Impact.  The  HVT  mechanism,  because  it  is 
very  complex  and  not  well  understood,  is  currently  the  subject 
of  intense  research  CE  HVT  has  been  studied  much  more 
than  K£  HVT  due  to  the  experimental  difficulties  in  working 
with  the  latter. 

As  a  jet  penetrates  a  granular  propellant  bed,  an 
intense  reaction  occurs  in  the  high  pressure  region 
immediately  in  front  of  the  jet.  Flash  x-ray  studies  of  this 
process  by  Watson  and  by  Ramsey  have  shown  that  materials 
divide  into  two  distinct  types  of  behavior  (Ref  13-14).  In 
Type  1  materials,  the  reaction  at  the  jet  bp  appears  to  decay 
significantly  in  velocity  as  it  spreads  radially;  as  the  reacbon 
proceeds  away  from  the  jet  axis,  it  takes  on  many  of  the 
characteristics  of  a  convective  thermal  combusbon  process 
where  pressure,  burning  rate,  surface  area,  and  propellant 
energy  are  controlling  factors.  In  Type  '2  materials,  the 
reacoon  proceeds  in  the  radial  dtrecbon  at  a  sustained 
supersonic  rate,  though  not  necessarily  at  the  velocity  of  a  full 
detonation  Type  2  materials  exhibit  much  greater  violence  of 
reacoon 

Watson  (Ref  14)  has  recently  shown  that  the  energy 
released  in  the  blast  wave  is  roughly  proportional  to  the 
luneoc  energy  of  the  jet  deposited  in  the  propellant  bed 
during  the  penetrabon  process  as  shown  in  Figure  2.  The 
luneoc  energy  is  approximately  (V1  x  D*J,  where  D  is  the  final 
jet  diameter  after  breakup  Type  1  behavior  occurs  when  the 
response  deviates  markedly  from  this  correlation.  While  many 
formulaoons  have  been  shown  to  follow  this  relationship,  it  is 
not  yet  clear  what  chemical  or  physical  proper oes  of  the 
propellant  most  affect  this  response  or  determine  the  transiQon 
point  to  Type  8  from  Type  1  behavior.  Thus,  effective  design 


rules  to  guide  the  development  of  new  formulations  to 
mitigate  this  threat  have  not  been  developed. 
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Figure  2  Energy  release  from  granular  propellant  beds  impacted  by 
shaped  charge  jets  ol  varying  characteristics 

There  are  some  data  which  indicate  that  the 
mechanical  properties  of  the  propellant  are  important-  Wise 
found  that  elastomeric  materials  were  less  violent  than  the 
more  brittle  plasbc  composite  propellant  formulabons  where 
eneTgy,  pain  geometry  and  burning  rales  were  similar  (Ref 
15).  Both  Ramsey  and  Liu  have  shown  that  the  violence  of 
response  increases  when  HV]  occurs  at  low  temperatures 
(Ref  16-17).  Thus  a  major  thrust  of  new  formulabon 
development  is  to  improve  propellant  toughness. 

Limited  experimental  studies  have  been  conducted  on 
KE  HV1.  Lyman  et  al.  (Ref  18)  have  recently  conducted  an 
experimental  study  which  demonstrated  the  critical  role  of 
armor  and  storage  on  the  response  of  120-mm  ammunition  lo 
this  threat.  Impact  of  a  KE  penetrator  on  target  rounds  with 
combusbble  cartridge  case  showed  a  mild  reaction  when  the 
bare  round  was  impacted  and  a  slightly  higher  reaction  when 
the  cartridge  was  contained  in  its  aluminium  storage  tube. 
When  the  KE  penetrator  passed  through  armor  before 
impacting  the  tube  and  cartridge,  the  reaction  gave  a  2  to  4 
times  higher  blast  impulse.  Results  similar  to  those  without 
armor,  have  been  found  for  the  response  of  105-mm 
ammunition  to  65-g  fragments  at  velocities  >  800  m/s.  With 
the  introducbon  of  armor,  the  response  seems  to  be  dominated 
by  prompt  reaction  to  spall  impact  where  the  large  volume  of 
spall  causes  a  much  larger  segment  of  the  propellant  to 
become  involved  in  the  reacbon. 

Evaluation  Techniques  Two  tests  have  been  developed  to 
examine  a  propellant's  response  to  spall:  The  hot  fragment 
conductive  igrubon  test-conducted  in  a  laboratory,  and  the  CE 
generated  spall  range  lest.  The  forma  allows  new 
formulabons  to  be  screened  rapidly  while  final  proof  of  a 
formulation's  impact  characteristics  must  be  evaluated  with  the 
field  test  where  the  material  is  exposed  to  a  threat  spectrum 
similar  to  that  expected  on  the  battlefield. 

Because  of  the  complex  mechanism,  no  useful 
laboratory  scale  test  has  been  devised  to  rank  the  response  of 
different  propellants  to  HVI.  Many  larger  scale  experimental 
techniques  have  been  developed,  all  of  which  involve  the  use 
of  a  shaped  charge  These  techniques  differ  principally  in  the 


■mount  of  material  used  md  manna-  in  which  the  enagy 
released  is  measured.  Currently  die  BRL  is  using  d*  Plate- 
Pendulum  test  devised  by  Watson  where  the  blast  impulse 
from  an  impacted  propellant  bed  is  measure  with  a  ballistic 
pendulum.  The  jet  characteristics  (diameter,  tip  velocity, 
residual  energy)  can  be  varied  to  characterize  different 
formulations. 

Because  ammunition  compartment  survival  is  the 
ultimate  pass/fail  criterion  for  US  tank  ammunition,  scaled 
compartment  tests  have  been  developed.  These  tests  enable 
the  system  environment  to  be  evaluated  without  the  huge  costs 
associated  with  full  scale  live  Tire  testing.  Unfortunately, 
results  from  these  tests  can  only  be  related  to  the  full  scale 
results  by  empirical  correlations.  Efforts  to  develop  useful 
modeling  tools  are  underway. 

Current  State  of-the- An  Solid  Propellants.  The  US  has  several 
propellants  which  have  undergone  extensive  field  testing  to 
prove  their  ability  to  provide  acceptable  vulnerability  levels  on 
the  battlefield  Tests  include  large  scale  component  tests  as 
well  as  full  scale  live-fire  testing 

XM39  is  a  low  vulnerability  rutramine  composite 
propellant  developed  to  replace  M30  propellant  in  the  105-mm 
M456A2  HEAT  cartridge  It  was  designed  to  survive  the 
severe  spall  impact  threat  environment  within  the  M60  series 
lank. 

JA2  is  a  conventional  double -base  formulation  used  in 
120-mm  tank  cannon  ammunition  for  the  M1A1  tank.  This 
propellant  is  very  sensicve  to  Uie  spall  threat  but  this  is  not 
ngmficani  in  the  M1A1  where  the  ammunition  is  separated 
from  the  crew  by  blast  doors  1A2  exhibits  excellent  response 
to  HM  as  measured  by  both  the  plate -pendulum  and 
compartment  tests 
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Historical  Development 


Figure  3  Racant  trends  in  US  gun  propellant  development. 

M43  is  a  high  energy,  low  vulnaabiliry  rutramine 
composite  propellant  developed  for  the  105-mm  M900 
APFSDS  cartridge  for  the  Ml  tank  Like  XM39,  it  is  a 
nitramine  composite  propellant  It  was  designed  ui  provide 


greater  enagy  than  JA2  together  with  a  Iowa  ballistic 
temperature  coefficient.  It  maintains  the  HVI  survivability 
characteristics  of  the  ammunition  compartment  and  exhibits 
high  resistance  to  initiation  by  spalL 

New  Materials  for  Advanced  Solid  Propellants.  The  major 
emphasis  m  the  development  of  new  formulations  has  been  on 
composites  where  an  energetic  solid  is  dispersed  in  a  polymer 
matrix.  Composites  allow  movement  away  from  the  limiting 
thermal  sensitivity  characteristics  of  nitrocellulose.  Figure  3 
shows  trends  in  the  development  of  new  high  enagy  low 
vulnerability  propellants. 

The  search  continues  for  new  enagehc  solids  which 
exceed  the  enagy  and  density  of  RDX  but  with  less  thermal 
and  shock  sensitivity.  Polycyclic  and  bridged  nitramines  as 
well  as  strained  ring  nitramines  ae  families  of  new  enagetic 
materials  with  much  promise.  Examples  of  these  include 
CL20  and  TNAZ. 

Many  of  the  polymers  used  in  rocket  propellants  have 
been  evaluated  in  gun  propellants.  While  properties  have  been 
attractive,  the  difficulty  of  controlling  the  cross-linking  cure 
reaction  during  mixing  and  extrusion  have  not  allowed  these 
materials  to  be  exploited. 

Thermoplastic  elastomas  have  great  potential  for 
several  reasons:  elastomeric  mechanical  properties, 
thermoplastic  processing  propaties.  great  flexibility  in 
achieving  specific  structure  and  chemical  properties,  etc.  Non- 
enagelic  as  well  as  energetic  polymas  ae  being  evaluated. 

Plasticizers  are  key  ingredients  because  of  their 
influence  on  enagy.  mechanical  properties,  and  processing 
characteristics.  A  wide  range  of  enageuc  and  non-enagettc 
materials  are  evaluated  as  part  of  our  material  development 
program.  New  materials  exploit  the  nitrammo  and  azido 
moieues  for  superior  enagy  and  reduced  sensitivity  relative  to 
nitrate  moieties. 

Slowly,  a  set  of  design  rules  is  being  developed  to 
streamline  the  rather  empirical  process  of  selecting  the 
optimum  plasticiza.  One  new  and  promising  approach  is  the 
use  of  molecular  modeling  software  to  elucidate  polyma- 
plasticizer  intaactions  and  evaluate  the  potential  of  new 
plasticizers. 

Processing.  The  production  process  can  greatly  affect  the 
vulnerability  characteristics  of  a  formulation  through  changes 
in  micTostructure  and  mechanical  properties.  Observations  of 
individual  grains  with  a  scanning  electron  microscope  have 
detected  mix  to  mix  variations  in  microstructure  which 
correspond  to  observed  changes  in  the  vulnaabiliry  response 
to  HVI.  When  the  use  of  the  emaging  technology  of  twin 
sere  *  extrusion  becomes  more  widespread  and  combined  with 
online  measurement  of  rheological  properties,  the  variations 
due  to  processing  ve  expected  to  be  significantly  reduced. 

The  HVI  response  of  a  composite  formulation  has 
been  shown  to  increase  as  particle  size  of  the  oiergetic  solid 
increases.  There  are  also  some  indications  of  particle  shape 
effects.  Great  emphasis  is  currently  being  placed  on  studies 
in  this  area. 
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In  summary,  t  prime  objective  of  current  work  is  to 
discover  design  rules  that  define  the  chemical  etd  physical 
properties  of  a  propellant  so  that  it  would  be  possible  to 
specify  propellant  ingredients  a  priori  in  order  to  meet 
performance  requirements  and  to  mitigate  a  particular  threat 
or  spectrum  of  threats.  While  achievement  of  this  goal  is  still 
far  in  the  future,  great  progress  has  been  made  and  extensive 
material  databases  have  been  established.  Akmg  the  way,  two 
generations  of  low  vulnerability  propellants  have  been 
developed. 

4.1.2  Ballistic  Applications 

Ultimately,  the  performance  of  all  gun  launch 
systems  is  constrained  by  tome  maximum  pressure  or 
acceleration  that  can  be  tolerated  by  the  payload  and/or  by 
some  maximum  pressure  envelope  that  can  be  withstood  by 
the  gun  tube.  The  former  constraint  is  outside  the  scope  of 
this  discussion,  but  the  latter  is  critical  in  the  discussion 
which  follows. 

The  basis  of  the  in  ten  or  ballistic  cycle  is  a 
competition  be  -ice n  the  rate  of  gas  generation  (from 
burning  of  the  propellant  charge)  and  the  rate  of  increase  in 
available  volume  (a  result  primarily  of  motion  of  the 
projectile  down  the  bore).  Generate  too  much  gas  early  in 
the  ballistic  cycle  and  the  maximum  pressure  limit  is 
exceeded,  in  practical  terms,  this  places  a  limit  on  the 
initial  burning  surface.  Later  in  the  cycle,  however,  the 
projectile  moves  down  bore,  and  a  much  higher  mass 
generation  rate  is  required  to  keep  gun  pressures  from 
falling  so  low  as  to  be  ineffectual  Since  piropiellant  burning 
rales  fall  correspondingly  with  the  falling  pressure,  the 
greatest  possible  burning  surface  area  is  required  late  in  the 
baliisnc  cycle. 
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Figure  4  Surface  area  as  a  function  of  kadcn  burnt  lor  various 
propedant  geometries 

This  requirement  for  a  progressively  increasing 
burning  surface  has  led  to  the  use  of  what  are  known  as 
'progressive  gram  geometries.'  Single-perforated  right 
circular  cylinders  have  given  way  to  seven-,  nineteen-,  and 
even  thirty -seven  perforated  grains,  the  increasing  numbers  of 
perforations  providing  an  increasing  proportion  of  the  total 
grain  surface  that  grows  with  bum  distance  while  the 
'degressive'  exterior  surface  remains  relatively  unchanged. 
Surface  profiles  for  several  such  geometries  sre  shown  in 
Figure  4,  while  their  qualitative  effect  on  gun  performance 
is  typified  in  Figure  5.  Note  that  the  increase  in  progressivity 
allows  the  effective  use  of  greater  total  charge  weights  more 


oropiellant  can  be  consumed  inbore  to  provide  increases  m 
muzzle  velocity  without  a  correspwnding  increase  in 
maximum  chamber  pressure.  A  velocity  increase  of  2-3% 
has  been  demonstrated  m  numerous  gun  systems  by  replacing 
the  standard  seven-peforated  grains  with  those  of  the 
nine  teen- perforation  geometry. 


Figure  5.  Projectile  base  pressure  vs  travel  kx  various  propellant 
geometries. 

There  are  practical  limits  to  this  philosophy  of 
grain  design,  and  while  Large  (perhap»  monolithic)  grains 
with  very  many  pierforations  are  under  investigation, 
production  of  such  configurations  are  difficult.  Current 
efforts  address  both  extrusion  and  casting  techniques,  but 
efforts  remain  in  the  early  development  stages.  Advantages, 
howeveT.  in  terms  of  both  loading  density  and  burning 
surface  progressivity  are  obvious.  An  alternate  and  perhaps 
even  more  attractive  apiproach  to  providing  a  highly 
progressive,  monolithic  propiellmg  charge  involves  the  use 
of  very  high  burning  rale  (VHBR)  propellants,  and  is 
discussed  in  a  subsequent  section  of  this  papier. 

Deterred  or  inhibited  propellants  Chemically  deterred  ball 
propieliam  has  long  been  used  in  small-caliber  guns  (Ref  19). 
Application  to  large  caliber  propellant  configurations 
focuses  on  the  use  of  deterrents  or  inhibitors  on  the  outer 
regressive  surfaces  of  multi-pierfiraied  grams  to  reduce  or 
even  eliminate  burning  in  these  regions,  thereby  increasing 
the  net  effect  of  burning  on  the  progressive  perforation 
surfaces  Unfortunately,  deterrent  technology  remains  as  much 
an  in  as  a  science,  both  in  terms  of  ballistic  analysis 
and  in  terms  of  production  and  quality  control.  Further, 
the  concept  is  generally  not  attractive  in  existing  gun 
configurations  with  limited  chamber  volumes,  where  the  loss 
in  total  energy  associated  with  the  deterred  regions  cannot 
be  offset  by  increased  total  charge  weights.  Inhibitor 
coatings,  both  simpler  in  concept  and  pierhapis  more 
universally  applicable,  are  receiving  considerable  current 
attention,  but.  as  of  yet,  present  formidable  production 
challenges. 

Programmed  energy  release  concerns.  Returning  to  Figure  4. 
we  note  that  classical  approaches  to  achieving  progressivity 
fall  far  short  of  the  optimum  profile  dictated  by  the 
volume  liberated  as  the  projectile  moves  downbore. 
Particularly  desirable  would  be  a  programmed  energy  release 
propellant  grain.  for  which  tn  increase  in  mas: 
generation  rate  could  be  programmed  to  commence  at  the 


most  efficient  time  in  (he  burning  process.  Thus,  •  very  high 
loading  density  charge  could  be  employed  without  over- 
pressurization  early  in  the  cycle,  yet  the  programmed  increase 
in  energy  release  after  peak  pressure  could  assure  total 
burning  of  the  charge  before  projectile  exit  from  the  gun 
tube. 


PARTIALLY  CUT,  MULTIPERFORATED  STICK 


PROGRAMMEO-SPUTTING  STICK  (PSS) 


Figure  6  Example  ol  novel  gram  geometries 

Figure  6  demicts  a  family  of  such  concepts  involving 
either  chemical  or  physical  programming  of  energy  release 
The  layered  propellants  (cylindrical  or  scroll)  would 
consist  of  lower  bummg  rate  and/or  energy  propellants  on 
outside  surfaces,  to  which  the  burning  would  be  limited 
until  after  peak  pressure.  Then,  a  significant  increase  in 
energy  release  would  be  programmed  to  commence  with 
burning  of  the  higher  txirmng  rale  and/or  energy  core 
propellant.  Conceptually,  any  number  of  layers  could  be 
employed  to  achieve  a  desired  energy  release  profile. 
Pracocally.  however,  even  two  layers  have  been  difficult 
to  produce  and  current  efforts  focus  on  the  physical  analog, 
known  as  programmed  splitting  stick  propellant  (Ref  20). 
This  version  of  programming  relies  on  a  significant 
increase  in  burning  surface  after  peak  pressure,  achieved 
when  the  burning  of  the  outside  lateral  surface  of  tte  stick 
reaches  an  embedded  array  of  slits,  the  core  separates,  and 
the  flame  envelops  the  additional  surfaces  (see  Figure  4).  Any 
these  concepts  can  be  designed  lo  lead  to  a  second  .^n 
to  peak  pressure,  as  shown  m  Figure  5,  with  increased 
down  bore  pressures  accompanying  the  consumption  of 
increased  charge  weight. 

Significant  performance  gains  (+  5-10%  in  muzzle 
velocity)  can  be  expected  from  this  family  of  concepts  even 
in  vo! ir ne- limited  gun  designs,  since  a  very  high  loading 
density  is  achievable  using  these  essentially  solid  cylinders 
Even  larger  gains  can  be  expected  in  systems  currently 
limned  by  maximum  pressure  or  acceleration  rather  dun 


by  available  chamber  volume.  The  largest  gains  are.  of 
course,  obtainable  in  new  gun  systems  designed  to  take  full 
advantage  of  such  charge  designs. 

Consolidated  charges.  It  is  worth  mentioning  briefly  that  the 
application  of  the  consolidated  charge  concept  to  large 
caliber  guns  continues  to  receive  some  interest  though  with 
unremarkable  success  to  date  (Ref  21).  This  concept  is  based 
on  achieving  higher  loading  densities  by  compacting 
conventional  granular  propellants  through  the  use  of  solvation 
and/or  heal.  The  initial  reduction  in  available  surface 
resulting  from  the  intimate  contact  between  grains 
followed  by  a  subsequent  increase  in  surface  are  as  the 
compacted  charge  deconsolidates  during  burning  may  also 
be  a  means  of  increasing  progressivity  of  the  overall  charge. 
While  extremely  am  active  in  computes  simulations,  the 
concept  is  hampered  m  reality  by  an  incomplete 
understanding  of  and  control  over  the  deconsolidation  and 
flamespreading  events  and  by  manufacturing  and 
reproducibility  problems.  No  successful  large  caliber 
demonstration  of  significant  performance  increases  via 
this  technique  is  known  to  these  authors.  Current  Air  Force 
snd  Army  efforts  to  develop  consolidated  charge  munitions  in 
smaller  caliber,  however,  appear  to  making  substantial 
progress. 

VKBR  monolithic  propellant  charge  Higher  performan 
solid  propellant  charges  require  more  total  ercrgy  m  the 
gun  chamber  AND  proper  programming  of  the  energy 
release  to  maintain  down  bore  pressures  without  increasing  the 
maximum  breech  pressure.  The  VHBR  monolithic  propellant 
charge  (shown  below)  employs  a  veTy  high  burning  rate 
propellanL  allowing  the  use  of  much  thicker  bum  distances 
(webs)  without  leaving  un burned  propellam  at  the  end  of  the 
interior  ballistic  cycle  (Ref  22). 
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SINGLE-PERFORATED 

VHBR 

Figure  7.  VHBR  monoiithic  propping  charge 

The  propellam  can  then  be  cast  into  a  cartridge  case  as 
one  large,  single-perforation  grain  (ratheT  than  hundreds  or 
even  thousands  of  much  smaller  granules),  with  the  outside 
surface  inhibited  from  burning  by  the  case  itself.  Since  the 
charge  consists  of  a  single  grain,  t  very  high  loading  density 
can  be  achieved  (in  fact,  the  perforation  configuration  can  be 
optimized  with  respect  to  my  projectile  intrusion).  Further, 
since  it  bums  only  on  the  inner  surface,  a  very  progressive 
geometry  is  achieved 

Solid  propellant  traveling  chtrec.  As  mentioned  above, 
higher  performance  requires  more  total  energy  AND  proper 
programming  of  the  energy  release.  To  achieve  muzzle 
velocities  in  excess  of  2  km/s,  very  high  propellant  charge 
to  (sojectile  mass  ratios  (C/M)  are  required,  posing 
numerous  burdens  on  the  system,  not  the  least  of  which  is  a 
very  large  breech  pressure  in  order  to  communicate  adequate 
down  bore  pressures  to  reach  such  velocities 


An  aJ  Lemiuv  t  to  increasing  the  mus  of  the 
propel] am  charge  in  the  chamber  is  to  affix  part  of  the 
charge  to  the  projectile  itself  (Ref  23).  Thus,  gases  are 
generated  at  the  base  of  the  projectile,  and  pressure  losses 
from  gun  chamber  to  projectile  base  are  not  suffered. 
However,  the  mass  of  the  traveling  charge  itself  must  be 
accelerated  along  with  the  rest  of  the  projectile.  Therefore, 
a  tradeoff  exists  that  does  not  favor  use  of  the  traveling 
charge  until  very  high  ve.ocitjes  are  required  Further, 
severe  mechanical  as  well  as  combustion  requirements  are 
placed  on  the  traveling  charge.  Current  interest  centers  on 
use  of  a  VHBR  (very  high  burning  rate)  traveling  charge 
(shown  below),  so  that  simple  geometries  may  be  used 
which  provide  adequate  strength  to  survive  the  launch 
environment  and  transmit  the  accelerative  forces  to  d* 
projectile. 


Figure  8  VHBR  travelng  charge 

Temperature -compensation  techniques  An  extremely 
attractive  approach  to  improved  performance  is  the  removal 
of  propelling  charge  temperature  sensitivity,  allowing 
operation  undeT  all  ambient  conditions  at  the  same 
maximum  chamber  pressure  as  that  normally  associated  only 
•nth  hoi  firings  (Ref  24).  Accompanying  increases  m 
mur-zle  velocities  a:  ambient  conditions  are  on  the  order  of 
3-741  for  most  high  performance  gun  systems  Successful 
techniques  must  reliably  and  reproducibly  counter  the  usual 
increase  in  reaction  kinetics  (which  translates  into  propellant 
burning  rates)  associated  with  increases  in  initial 
propellant  temperature  Always  conditioning  the  stowed 
ammunition  at  the  high  temperature  limn  on  board  the  weapon 
system  could  provide  an  easily  achievable  and  fail-safe 
technique  for  extracting  the  benefits  of  temperature 
insensitivity  To  date  this  approach  has  not  been  accepted 

Chemical  additives,  long  used  in  the  rocket 
propellant  industry  lo  alter  burning  rates  Bid  influence 
temperature  sensitivity.  have  not  been  successfully 
developed  for  gun  propellants  Yet.  it  is  well  known 
that  some  gun  propellant  formulations  exhibit  significantly 
greater  temperature  sensitivity  than  do  others.  Successful 
development  of  chemical  control  of  temperature  sensitivity 
would  provide  one  of  die  easiest  means  of  improving 
overall  system  performance  possible 

A  k  —ray  mechanism  may  be  superimposed  on 
the  normal  combustion  process  to  achieve  a  net  burning 
rate  at  ambient  temperatures  similar  to  that  normally 
occurring  only  at  the  hot  limit.  Possible  approaches  include 
the  use  of  microwaves  to  rapidly  heat  the  propellant  in  situ 
to  the  hot  limit  just  before  or  during  firing,  external  gas 
injection  to  raise  burning  rales  for  cool  charges,  and  laser 
ttimultDcn  to  alter  reaction  rates. 

Certain  composite  propellant  formulations  which 
are  easily  deformable  under  mechanical  loads  have  exhibited 


significant  reductions  in  temperature  sensitivity  under 
certsin  ignibon/loading  conditions.  It  is  postulated  that 
localized  ignition  may  lead  to  severe  compaction  of  the 
propellant  bed,  deformation  of  grains,  and  occlusion  of 
some  of  the  available  burning  surface  during  flamespread 
Since  the  mechanical  properties  of  the  grains  are  highly 
temperature  dependent,  this  effect  may  be  much  more 
pronounced  at  high  temperatures,  delaying  the  onset  of 
combustion  for  much  of  the  charge  and  aignificantly  reducing 
the  increase  m  pressure  otherwise  expected  for  hot 
charges.  Successful  exploitation  of  this  behavior  would 
require  reliable  control  of  the  process  and  appropriate 
optimization  of  grain  design. 

Microcraclcs  are  introduced  into  ball  propellants 
during  the  rolling  process.  Their  presence  apparently 
reduces  temperature  sensihviry  by  leading  lo  an  increase  in 
burning  surface  when  fired  cold.  Cold  conditioning  results 
in  enhanced  brittle  fiacture  of  the  microcracks  in  the 

propellant  durmg  the  early  burning  process.  Again,  reliable 
control  is  required  for  full  exploitation. 

Deconsolidation  of  a  compacted  charge  can 
ligmficantly  impact  the  progressivity  of  the  overall  charge. 
The  temperature  dependence  of  this  deconsolidation 
process,  a  result  of  the  mechanical  resilience  of  the 

compacted  matrix,  can  reduce  or  even  elimmate  the 

temperature  sensitivity  of  the  base  propellant. 

A  variety  of  control  tube  primers  have  been 

suggested.  An  example  of  the  concept  is  shown  in  Figure  9 
They  provide  different  initial  projectile  positions  and 
velocities,  depending  on  temperature,  prior  to  igniuon  of 
the  main  charge  -  thereby  altering  early  projectile  travel  and 
countering  the  temperature  sensitivity  of  performance  that 
would  otherwise  occur  A  number  of  projectile  options  are 
conceivable  which  could  alter  early  motion  as  a  function 
of  temperature  through  such  mechanisms  as  changes  in 
available  volume  or  bore  resistance.  A  breech  mechanism 
could  be  designed  that  senses  propellant  temperature  and 
alters  available  volume  accordingly.  Alternatively,  it  could 
sense  pressurization  rate  or  level  and  provide  a  rapid  change 
in  volume  A  similar  device  could  be  incorporated  into  the 
chamber  wall  either  locally  or  distributed  circumferentially 
as  a  layer  of  tome  compressible  material. 


CONDITION  FOR  MAIN  CHARGE  IGNITION  AT  21°C: 


CONDITION  FOR  MAIN  CHARGE  IGNITION  AT  HOT  LIMIT: 


4.1.3  Vulnerability  Implications  of  Advanced  Propulsion 
Concepts. 

Each  of  these  advanced  propulsion  concepts  have 
different  and  largely  unknown  influences  on  munitions 
survivability.  Based  on  the  mechanistic  insights  gained,  ii  is 
possible  to  make  tome  projecoons  about  the  EM  aspects  of 
these  advanced  concepts  For  all  of  these  concepts,  aensidvtty 
to  spall  impact  initiation  should  be  dominated  by  the  basic 
chemical  and  thermophvsical  properties  of  the  formulation 
used  Thus  the  following  discussion  will  focus  on  the  HV1 
response. 

Progressive  Grain  Geometries  Propellant  grain  g^  metry  has 
been  shown  to  have  a  pronounced  effect  on  HV]  response. 
For  granular  charges,  blast  impulse  decreases  as  gram  size 
increases  and  then  increases  again  after  going  through  a 
minimum.  This  effect  appears  to  be  controlled  by  surface  area 
and  fracture  susceptibili'y  at  smaller  grain  sizes  while  cnocal 
diameter  for  supporting  a  detonation  reaction  appears  to  be 
important  at  larger  diameters.  These  effects  are  formulation 
and  threat  dependent,  of  course.  Also,  for  tome  formulations, 
it  has  been  observed  that  suck  propellant  geometries  can  result 
in  •  increase  m  response  level,  this  may  be  due  to  the  ability 
of  the  reaction  to  spread  more  rapidly  through  the  bed.  Large 
monolithic  grains  may  present  a  particular  challenge  because 
of  theu  large  diameter  and  because  the  burning  rates  of  the 
formulations  used  may  have  to  be  higher  than  for  conventional 
grain  designs. 

Deterred  or  Inhabited  Propellant  The  presence  of  a  deterrent 
o.  inhibitor  Cculd  be  beneficial  to  those  propellants  which 
exhibit  the  more  benign  Type  1  behavior  because  of  the 
aimilarity  of  this  process  to  a  convective  combustion  wave 
where  reduced  burning  rates  ahould  have  a  retarding  effect. 
Of  course,  this  effect  could  be  mitigated  depending  on  the 
delay  until  the  higher  eneTgy  inner  core  is  reached  and  it  is 
even  pass,  i  ;  for  the  inner  core  propellant  properties  to 
grossly  overwhelm  the  inhibitor  effect.  As  these  concepts  are 
used  to  increase  the  charge  loading  density,  HVI  blast 
response  should  be  expected  to  increase  if  greater  amounts  of 
enogv  are  available 

Programmed  Energy  Release  Concepts  For  the  layered 
concepts  similar  consider ations  should  hold  as  for  the  deleTred 
or  inhibited  gram'.  The  programmed  splitting  atick  charge 
may  show  some  benefit  because  of  the  low  amount  of  initial 
surface  area  f  well  as  the  greater  mechanical  strength  of  the 
sticks 

Consolidated  Charges.  The  effects  for  consolidated  charges 
are  expected  to  he  similar  to  the  deterred  or  inhibited  grain 
case  The  low  inioal  surface  area  of  the  charge  in  its 
consolidated  form  and  the  poor  mechanical  coupling  for  ahock 
transmission  between  base  __  _  may  be  beneficial 

Experimental  data  are  few  and  conflicting  at  this  time.  More 
extensive  experiments  art  to  be  conducted. 

VHBR  Monolithic  Propelling  Charge  The  higher  charge 
loading  density  »id  higher  burning  rates  associated  with  this 
concept  ahould  present  severe  challenges  to  ammunition 
survivability 

Solid  Propellant  Traveling  Charge.  Application  of  this 
concept  requires  maienais  wnh  very  high  blaming  rates.  Like 


the  VHBR  case  above,  this  concept  may  present  a  sene  us 
survivabtliry  challenge  However,  this  may  br  mitigated  if  the 
traveling  charge  is  limited  in  size/mass. 

Temperature  Compensation  Techniques.  The  mechanical 
techniques  for  temperature  compensation  ahould  have  little 
effect  on  aurviv ability.  Chemical  additives  which  boost  low 
pressure  burning  rates  should  adversely  affect  the  response  to 
HV]  as  should  the  concept  of  storing  propellants  at  their  upper 
operating  temperature. 

Because  of  the  US  requirements  for  IM,  all  new 
propulsion  concepts  will  undergo  thorough  evaluation  in  the 
exploratory  and  advanced  development  stage  and  many  of  the 
above  projections  will  be  evaluated. 

4J2  REGENERATIVE  LIQUID  PROPELLANT  GUNS 

Liquid  propellant  guns  (LPGs)  have  been  the  focus  of 
periodic  research  efforts  in  the  United  Slates  since  the  late 
1940  s  (Ref  25).  A  wide  variety  of  gun  concepts  and  liquid 
propellants  have  been  investigated  in  the  course  of  this 
research  which,  until  recently,  has  met  with  only  limited 
success  Over  the  last  ten  years,  LPG  research  in  the  US  has 
been  focused  on  the  regeneratively  injected  gun  concept 
utilizing  a  hydroxylammonium  nitrate  (HAN)  based  liquid 
propellant.  This  gun  and  propellant  combination  has  recently 
been  selected  as  the  gun  propulsion  system  of  choice  for  the 
Army  's  Advanced  Field  Artillery  System.  AFAS. 


Injection  Piston 


Figure  10.  Regenerative  liquid  propelant  gun  concept. 

The  regena-ative  liquid  propellant  gun  (RLPG)  interior 
ballistic  cycle  is  controlled  by  the  injection  of  the  LP  into  the 
combustion  chamber  (Fig.  10)  and,  thus,  by  the  motion  of  the 
legenaauve  piston.  In  the  simple  in-line  piston  RLPG 
depicted  in  Figure  10,  the  injection  orifices  are  initially  sealed 
the  LP  is  loaded  into  the  propellant  reservoir,  and  a  projectile 
is  placed  at  the  entrance  to  the  barrel.  A  pressure  versus  time 
characteristic  of  i  simple  in-line  RLPG  is  presented  at  Figure 
11.  The  IB  process  is  initiated  by  an  external  igniter  charge 
which  pressurizes  the  combustion  chamber.  This  gas  pressure 
forces  the  injection  piston  rearward,  compressing  the  LP  in  the 
reservoir.  The  differential  area  of  the  injection  piston  from 
the  combustion  chamber  to  the  reservoir  serves  to  amplify  the 
combustion  gas  pressure,  producing  s  higher  pressure  in  the 


LP  reservoir  end,  thus,  providing  the  pressure  required  lo 
break  the  orifice  seals  and  inject  propellant  into  the 
combustion  chamber  The  second  phase  of  the  IB  process  is 
an  ignition  delay,  during  which  the  piston  continues  to  move 
rearward,  injecting  additional  LP  which  accumulates  in  the 
combusoon  chamber.  This  accumulated  LP  then  ignites  and 
rapidly  bums  (phase  three),  hringing  the  chamber  lo  operating 
pressure  and  accelerating  the  piston  to  its  maximum  velocity. 
Phase  four  is  often  characterized  by  a  pressure  plateau  m  (he 
simple  in-line  RLPG  configuration.  This  plateau  is 
interpreted  as  ■  quasi-  stable  equilibrium  in  which  the  volume 
increase  in  the  combustion  chamber  and  the  flo»  of 
combustion  gases  down  tube  are  balanced  by  the  combustion 
of  freshly  injected  LP.  Phase  four  ends  with  the  completion 
of  piston  travel  and  propellant  combustion.  The  final  phase  is 
the  usual  expansion  of  oombustion  gases  after  all -burnt 
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Figure  11  Typical  pressure-lime  history  br  a  regenerative  liquid 
propel  lam  gur. 

The  L'S  candidate  liquid  propellant  recently 
designated  XM46,  is  a  stoichiometric  mixture  of 
hydroxylammonium  nitrate,  water  and  tnethanolammcnium 
nitrate  The  formulation  and  chemical  properties  of  this 
propellant  are  described  in  detail  in  the  literature  (Ref  26). 
XM46  has  been  shown  in  testing  to  possess  a  variety  of 
desirable  char  act  ensues,  however,  m  the  context  of  this  report, 
the  key  characteristics  of  the  LP  are  the  difficulty  with  which 
it  is  ignited  if  not  confined,  its  relative  insensiuvity  lo  impact 
and  shock  and  its  favorable  response  in  a  variety  of  hazards 
and  insensitive  muniOons  tests  (Ref  27-31). 

The  motivation  behind  the  recurring  efforts  to  develop 
LP  guns  over  the  last  forty  years  is  the  potential  for  realizing 
the  pervasive  systems  benefits  offered  by  a  fluid  propellant. 
These  potential  benefits  include  reduced  facilmzabon  and 
propellant  costs,  increased  logistic  efficiency  and  effectiveness, 
increased  safety  throughout  the  military  system  including 
reduced  vulnerability  on  the  battlefield,  si  _  „Ted  gun 
automation,  and  increased  gun  system  performance  ard 
effectiveness.  Thus,  the  successful  fielding  of  an  LP  gun 
system  would  have  a  major  impact  on  all  aspects  of  the 
military  system,  beginning  at  the  production  level. 

The  current  liquid  propellant  gun  program  in  the 
United  Stales  was  initiated  in  the  late  1970’s,  with  General 
Electric  taking  the  lead  in  gun  design  are!  testing  srd  tte 
Army  assuming  responsibility  for  IB  investigations  and 
propellant  development  Since  that  time,  several  thousand  lest 


firings  have  been  conducted  in  a  variety  of  calibers  up  to  155 
mm.  Two  generations  of  155  mm  RLPGs  have  been  built  and 
tested;  die  first  generation  fixture  was  designed  to  provide 
ballistic  data  m  large  caliber,  while  the  second  was  designed 
to  demonstrate  most  of  the  functional  characteristics  of  a 
fieldable  gun  system.  Interior  ballistic  investigations,  both 
experimental  and  theoretical,  have  been  conducted  in  parallel 
with  the  large  caliber  gun  engineering  and  test  efforts.  These 
experimental  investigations  have  lead  to  an  increased 
understanding  of  the  RLPG  process  which  has  been 
incorporated  into  interior  ballistic  oomputer  models  (Ref  32- 
33).  These  models  accurately  describe  the  RLPG  IB  process 
and  are  routinely  used  in  data  analysis,  gun  design  and  new 
concept  evaluation  (Ref  34-36). 

In  the  liquid  propellant  area,  a  broad  research  and 
development  program  has  been  conducted  encompassing:  basic 
chemistry;  extensive  physical,  chemical  and  hazards 
characterization,  production  process  development;  and 
applications  systems  studies  and  analyses.  As  a  part  of  this 
effort,  extensive  hazards,  insensitive  munitions  and 
vulnerability  testing  has  been  conducted  as  noted  above. 
These  tests  have,  of  necessity,  addressed  only  fundamental  LP 
properties  and  the  characteristics  of  the  LP  in  surrogate 
transportation  and  vehicle  storage  containers.  At  present,  the 
propellant  has  passed  all  the  required  tests  of  the  Joint 
Services  Insensitive  Munitions  Criteria,  with  the  exception  of 
a  sympathetic  detonation  test  in  which  the  interpretation  of  the 
limited  lest  results  does  not  lead  to  a  clear  conclusion. 
Additional  testing  is  planned  lo  address  this  question.  While 
the  results  of  these  tests  have  tended  to  confirm  the  potential 
of  the  LP  as  a  reduced  sensitivity  material,  they  have  also 
emphasized  the  systems  nature  of  the  problem,  i.e.  the  need  to 
treat  the  propellant,  the  packaging  and  storage  concepts,  and 
the  vehicle  design  as  an  integral  system  in  order  to  realize 
minimum  system  vulnerability. 

The  key  technical  and  engineering  challenges  for  the 
liquid  propellant  gun  fall  generally  into  gun  and  propellant 
categories.  In  the  gun  area,  the  presence  of  high  frequency 
pressure  oscillations  in  the  combustion  gases  is  the  key  near 
term  technical  challenge  These  oscillations  are  not  related  to 
the  lower  frequency,  longitudinal  pressure  waves  which  are 
responsible  for  breech  blows  in  conventional  solid  propellant 
guns.  The  primary  concern  raised  by  the  presence  of  these 
oscillations  is  their  effect  on  sensitive  projectile  components, 
e.g.  fuzes,  rather  than  the  potential  for  combustion  anomalies 
or  gun  damage.  In  the  longer  term,  the  key  developmental 
engineering  challenge  of  the  RLPG  is  reliability  in  a  field 
environment.  This  issue  will  be  the  focus  of  intense 
engineering  effort  as  well  as  test  and  evaluation  during  the 
development  process.  In  the  propellant  area,  the  primary 
challenge  is  the  engineering  and  design  of  the  components  and 
infrastructure  which  will  facilitate  successful  integration  of  a 
liquid  propellant  into  the  field  Army.  These  include  not  only 
production  facilities,  storage  and  transportation  containers, 
handlmg  equipment,  etc.,  but  also  the  new  procedures  and 
doctrine  necessary  to  optimize  operations  with  a  liquid 
propellant  Again,  in  the  context  of  this  report,  emphasis  must 
be  given  lo  systems  design  in  order  to  exploit  die  reduced 
sensitivity  characteristics  of  the  LP  and  optimize  stfety  and 
vulnerability  reduction. 

The  regenerative  liquid  propellant  gun  has  been 
designated  as  the  system  of  choice  for  AF AS,  however,  there 
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are  substantial  technical  engineering  challenges  to  be 
overcome  before  fielding  such  a  system.  Therefore.  LP 
appears,  at  present,  to  be  the  most  mature  of  the  novel  gun 
propulsion  concepts  being  pursued  by  the  Army.  As  the 
AFAS  component  maturation  program  proceeds,  the  identified 
challenges  will  be  addressed  and  it  is  probable  that,  given 
adequate  resources,  they  will  be  satisfactorily  resolved. 
Therefore,  it  tears  highly  possible  that  fielding  of  an  LP 
artillery  system  could  begin  around  the  year  2000. 

4.3  ELECTROTHERM  AL-CHLMI  CAL  GUN 
PROPULSION 

Electrothermal-chemical  (ETC)  guns  ire  a  broad  class 
of  hybrid  gas  dynamic  gun  propulsion  concepts  which  utilise 
a  combination  of  electrical  and  chemical  energy  sources. 
These  concepts  have  their  origins  in  the  pure  electrothermal 
(ET)  propulsion  concepts  which  appear  in  the  hypervelocity 
literature  of  the  1960’s  and  again  in  the  late  1970’s  and  early 
1980's  in  the  work  of  Goldstein  and  Tidmann  of  GT  Devices. 
Inc.  The  "pure"  ET  propulsion  concept  involves  the  use  of 
electrical  energy  to  create  a  high  temperature  plasms  which 
mixes  with  and  vaporizes  an  inert  working  fluid  to  generate 
the  high  pressure  gas  needed  to  accelerate  a  projectile. 

The  original  motivation  for  the  ET  propulsion  concept 
was  increased  muzzle  velocity.  Indeed,  much  of  the  early 
support  for  this  work  was  provided  through  the  SD1  program 
in  which  ultra-high  velocities  were  the  objective.  Since  the 
sole  energy  source  for  the  propulsion  process  is  electrical 
materials  which  produce  low  molecular  weight  gas  when 
vaporized  can  be  used.  Thus,  the  ET  propulsion  concept  can 
be  viewed  as  a  single  stage,  electrically  powered  light  gas  gun, 
with  the  attendant  advantages  of  such  systems  in  the 
hypervelocity  regime.  Systems  evaluations  of  tactical 
applications  of  the  ET  concept  quickly  lead  to  the  realization 
that  electrical  energy  requirements  are  of  the  same  order  as 
those  for  electromagnetic  guns,  thus  making  power  component 
and  system  technology  a  key  driver  and  reducing  the 
attractiveness  of  ET  concepts  in  the  tactical  arena  for  any 
near-term  applications. 

In  the  mid-1980's,  due  in  large  part  to  the  rationale 
outlined  above,  GT  Devices  under  contract  to  the  Army  and 
FMC  Corporation  using  IR&D  funding  began  exploring  hybnd 
electrothermal  propulsion  concepts  in  which  some  portion  of 
the  energy  was  provided  by  an  eneTgeoc  working  fluid  or 
propellant.  A  schematic  depicting  the  intenor  ballistic  process 
of  these  concepts  is  presented  in  Figure  12.  The  basic 
configuration  is  quite  similar  to  that  of  a  bulk-loaded  liquid 
propellant  gun.  The  energetic  propellant  initially  fills  the 
combustion  chamber  between  the  breech  and  projectile  base. 
The  electrical  energy  is  employed  to  generate  a  plasma  in  a 
capillary  which  is  located  external  to  the  combustion  chamber, 
usually  attached  to  or  part  of  the  breech  mechanism.  The 
process  is  initiated  by  the  application  of  the  high  voltage 
across  s  fine  fuse  wire  connecting  electrodes  at  either  end  of 
the  capillary.  The  fuse  is  vaporized,  generating  a  plasms 
through  which  additional  current  is  passed,  further  heating  the 
plasma  As  a  result  of  the  high  pressure  generated  in  the 
capillary,  hot  plasms  with  temperatures  on  the  order  of  20,000 
-  30,000  K.  is  the  injected  into  the  propellant.  The  mass  tost 
through  plasma  injection  is  replaced  by  ablation  of  the 
material  lining  die  plasms  capillary.  The  plasma  temperature 
and  pressure  in  the  capillary  art  then  maintained  by  the 


resistive  heating  of  the  electrical  cunent  flowing  through  the 
plasma. 


•  Initial  Configuration 
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of  Plasma  and  Propellant 


Figure  12.  Interior  baliislic  process  tar  electrothtum.'1  gun  propulsion 
concept. 

In  the  mid-1980's,  due  in  large  part  to  the  rationale 
outlined  above,  GT  Devices  under  contract  to  the  Army  and 
FMC  Corporation  using  IR&D  funding  began  exploring  hybrid 
electrothermal  propulsion  concepts  in  which  some  portion  of 
the  energy  was  provided  by  an  energetic  working  fluid  or 
propellant.  A  schematic  depicting  the  interior  ballistic  process 
of  these  concepts  is  presented  in  Figure  12.  The  basic 
configuration  is  quite  similar  to  that  of  a  bulk-loaded  liquid 
propellant  gun.  The  energetic  propellant  initially  fills  the 
combustion  chamber  between  the  breech  and  projectile  base. 
The  electrical  energy  is  employed  to  generate  a  plasma  in  a 
capillary  which  is  located  external  to  the  combustion  chamber, 
usually  attached  to  or  part  of  the  breech  mechanism.  The 
process  is  initialed  by  the  application  of  die  high  voltage 
across  a  fine  fuse  wire  connecting  electrodes  at  either  end  of 
the  capillary.  The  fuse  is  vaporized,  generating  a  plasma 
through  which  additional  cunent  is  passed,  further  heating  the 
plasma  As  a  result  ot  me  high  pressure  generated  in  the 
capultry,  hot  plasma  with  temperatures  on  the  order  of  20.000 
-  30,000  K,  is  die  injected  into  the  propellant  The  mass  lost 
through  plasma  injection  is  replaced  by  ablation  of  the 
material  Lining  the  plasma  capillary.  The  plasma  temperature 
and  pressure  in  the  capillary  are  then  maintained  by  the 
resistive  heating  of  the  electrical  current  flowing  through  the 
plasma. 

The  ETC  interior  ballistic  process  is  quite  complex, 
involving  an  initial  mixing  of  plasma  Bid  propellant  to 
initiated  decomposition,  followed  by  the  reaction  of  the  bulk 


of  the  propellant  in  a  highly  unstable  hydrodynamic 
environment  driven  by  the  injection  of  additional  plasma. 
This  environment  appears  similar  to  that  encountered  in  the 
bulk-loaded  liquid  propellant  gun.  and  it  is  reasonable  to 
anticipate  that  phenomenological  descriptions  of  the  IB 
processes  will,  therefore,  be  similar 

The  attractive  features  of  this  concept  are:  the 
potential  reduction  in  required  electrical  energy  in  comparison 
to  the  pure  electrothermal  and  the  electromagnetic  propulsion 
concepts;  the  increased  loading  density  possible  through  bulk- 
loading  of  the  propellant;  the  potential  to  utilize  non 
traditional  propellant  chemistries  which  ros>  provide  increased 
propellant  specific  energies  and'or  reduced  propellant 
vulnerability;  and  the  potential  to  utilize  electrical  energy  to 
tailor  the  combustion  of  the  propellant  and  thereby  tailor  the 
projectile  base  pressure  to  increase  gun  performance.  The 
rationale  for  the  recent  interest  in  the  ETC  propulsion  concept 
in  the  United  Stales  is  based  on  these  potential  benefits.  If 
these  benefits  can  be  realized,  significant  performance 
increases  will  be  possible  within  existing  gun  envelopes.  In 
particular,  it  has  been  suggested  that  increases  in  muzzle 
energy  of  50-100%  are  possible  in  existing  120  mm  and  155 
rrm  gun  systems  with  relatively  modest  investments  of 
electrical  energy  .  The  potential  for  substantially  reducing 
electrical  power  requirements  is  very  attractive  since  both 
dependence  on  advances  in  power  technr-'oey  and  the  vehicle 
integration  burdens  would  be  reduced,  thus  potentially 
reducing  time  for  realization  of  practical  system. 

These  potential  benefits  are  all  based,  at  least  in  part, 
on  the  assumption  that  electrical  energy  can  be  utilized  to 
control  the  combusuon  of  the  propellant  (either  through  direct 
control  of  the  propellant  reaction  rale,  or  control  of  mixing 
and  surface  generation,  or  both)  (Ref  37)  It  has  been  shown 
that  •  relatively  small  amount  of  electrical  energy  can  be  used 
to  miorie  the  ETC  process  It  is  assumed  that  the  application 
of  additional  electrical  energy  (through  a  plasma)  during 
propellant  combustion  can  be  utilized  to  control  propellant 
combusuon.  At  present,  it  is  not  clear  to  what  degree  this 
control  can  be  realized  nor  is  it  clear  how  much  electrical 
energy  would  be  required  to  achieve  thai  control.  After 
maximum  pressure,  it  appears  possible  to  maintain  projectile 
base  pressure  by  the  addiuon  of  plasma  energy  to  heat  the 
combustion  gases  and  thus  realize  an  increase  in  gun 
performance  The  energy  required,  which  can  be  estimated  in 
a  simple  thermodynamic  analysis,  is  large  and  efficiency 
decreases  rapidly  in  the  latteT  stages  of  projectile  travel. 

Ballistic  control  and  electrical  energy  requirements 
have  been  two  of  the  primary  ETC  research  issues  in  the  US 
since  about  1986  (Ref  38).  GT  Devices  and  FMC  CoTporauun 
have  remained  the  primary  innovators  in  ETC  technology, 
though  recently  other  private  firms  have  begun  work  in  the 
area. 

GT  Device*,  in  conjunction  with  General  Dynamics 
Land  Systems,  has  focused  their  efforts  on  low  molecular 
weight  propellants  and  reduction  of  the  electrical  energy 
requirement  in  an  ETC  gun  to  less  than  5-10%  of  the  total 
required  energy  This  of  course  means  that  90  95%  of  the 
energy  is  supplied  by  chemistry  In  this  effort,  they  have 
explored  a  variety  of  nontraditional  propellants,  as  well  as 
alternate  methods  to  generate  plasmas  and  to  use  them  to 
control  the  interior  ballistic  process. 


FMC  Corporation  has  continued  investigations  of  their 
CAP^  concept,  though  they  have  also  explored  propellants 
other  than  their  original  hydrogen  pa-oxide  -  hydrocarbon 
bipropellant  mixtures.  Both  groups  have  progressed  toward 
then  objectives  under  contracts  with  a  variety  of  Government 
agencies  as  well  as  their  own  resources.  Army -sponsored 
efforts  have  been  focused  mainly  on  anti -armor  applications, 
though  there  is  interest  in  other  possible  tactical  missions. 
However,  the  Army's  goal  of  demonstrating  controllable, 
repeatable  ballistics  with  an  acceptable  propellant  while 
achieving  a  significant  performance  increase  has  yet  to  be 
realized.  In  parallel  with,  and  in  support  of,  contractor  efforts, 
the  Army  has  initiated  experimental  and  theoretical  interior 
ballistic  research  projects.  The  objectives  of  these  projects  are 
to  identify  novel  propellant  materials  for  use  with  an  ETC 
gun.  to  experimentally  investigate  the  ETC  interior  ballistic 
process  in  order  to  identify  key  parameters  and  develop  and 
understanding  of  component  processes,  and  to  develop 
computer  models  of  the  IB  process.  Related  programs  have 
been  initiated  by  the  Defense  Nuclear  Agency  for  artillery 
applications  and  the  US  Navy  as  a  future  Close-in  Weapon 
System  (CTWS),  Le.  a  potential  Phalanx  replacement  (Ref  39). 

The  technical  challenges  faced  by  the  proponents  of 
the  ETC  concept  are  outlined  above.  Control  of  the  interior 
ballistic  process,  i.e.  control  of  propellant  combustion,  must  be 
demonstrated.  This  requires,  as  a  minimum,  tailoring  of  the 
pressure  rise  rale  to  limit  projectile  jerk  and  achieve  the 
desired  maximum  pressure.  Performance  improvement  may 
also  require  oontrol  of  the  IB  process  after  maximum  pressure 
to  permit  tailoring  the  pressure  profile.  In  any  case,  a 
substantial  performance  increase,  i.e.  higher  muzzle  enCTgy  or 
velocity  than  is  possible  with  a  solid  propellant  in  a  given  gun 
configuration,  must  be  demonstrated  for  tactical  applications 
of  an  ETC  concept  to  be  attractive.  Repeatability  sufficient  to 
meet  Army  dispersion  and  accuracy  requirements  must  also  be 
demonstrated.  A  predictive  modeling  capability  is  desired  to 
support  ballistic  research  and  rational  gun  design.  Further 
these  criteria  must  be  met  using  a  propellant  which  is  fieldable 
in  the  Army  system  This  discussion  does  not  address  issues 
related  to  the  electrical  power  supply,  nor  does  it  address 
issues  genaaljy  addressed  later  in  the  development  cycle. 
However,  these  issues  require  consideration  as  the  technology 
begins  to  mature. 

To  this  point,  the  potential  impact  of  ETC  technology 
on  the  insensitive  munitions  issue  has  not  been  addressed 
except  to  note  that  the  potential  for  using  non-tradibonal 
chemistries  might  lead  to  propellants  with  reduced  sensitivity 
(Ref  40).  Given  the  very  early  stages  of  ETC  research,  it  is 
difficult  to  make  substantive  statements  regarding  the 
characteristics  of  a  system  yet  to  be  defined  This  is  also  the 
case  for  the  electrical  power  supply  since  bttle  is  known  about 
the  sensitivity  and  vulnaabibty  of  existing  components,  much 
less  the  mere.  energy  and  power  density  components 
required  m  the  future  for  lactic*]  applications  of  electric  guns. 

In  summary,  the  ETC  propulsion  concept  holds 
potential  for  substantial  systems  benefits  if  the  key  technology 
issues  can  be  resolved  satis  factorily.  Existing  data  is 
inadequate  to  support  rational  projections  of  technology 
maturation,  however,  if  the  technical  objectives  of  the  Army's 
ongoing  ETC  program  are  met  ova  the  next  few  yean, 
development  of  an  ETC  gun  system  during  the  first  decade  of 
the  next  century  may  well  be  possible. 
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4.4  ELECTROMAGNETIC  GUN  PROPULSION 

The  other  propulsion  technologies,  including  the 
hybrid  electrothermal  propulsion,  discussed  in  this  paper  rely 
on  the  expansion  of  pressurized  propellant  gasses.  An 
electromagnetic  (EM)  gun  uses  instead  intense  magnetic  fields 
applied  locally  to  a  projectile,  requiring  pulses  of  electrical 
power  as  the  ultimate  energy  source. 


Figure  13  Genenc  geometries,  magnetic  ketds  and  forces  in  the 
ralgun  (left)  and  the  coigun  (nght) 

EM  guns  fall  intc  two  basic  classes,  railguns  and 
coilguns  These  differ  in  the  geometry  of  achieving  confined 
magnetic  fields,  and  of  coupling  the  resultant  forces  to  achieve 
projectile  acceleration  (Ref  41).  as  schematically  shown  in 
Figure  13.  As  a  rule,  railguns  are  conceptually  and 
geometrically  simpler,  and  have  lower  impedance  (i.  e., 
require  higher  current  and  lower  voltage  for  a  specific 
propulsion  task).  They  have  received  far  more  developmental 
attention,  despite  the  potential  for  greater  energy  efficiency 
from  cotlguns  Coilguns  become  more  attractive  at  larger 
scale  due  to  more  efficient  coupling  and  the  difficulties 
associated  with  precise  switching  may  impose  velocity  limits 
lower  than  those  for  railguns 

Piospects  for  EM  guns  are  intrinsically  United  to  the 
technology  for  generating  their  power  requirements.  A 
megajoule -scale  muzzle  energy  requires  gigawatt-scale  pulses 
for  the  milliseconds  of  the  acceleration  event.  Powo’  supply 
approaches  include  mamly  routing  machines  which  provide 
pubes  from  ineroally  stored  energy,  and  capacitor-based  pube 
forming  networks. 

A  substantial  literature  is  available  to  describe  the 
evolution  of  the  requisite  component  technologies  over  the 
past  decade  Proceedings  of  the  five  meetings  of  the  biannual 
'Electromagnetic  Launch  Symposium"  are  conveniently 
accessible  (Ref  42-46).  The  rapidly  growing  body  of 
European  activity  was  represented  at  a  recent  Symposium  in 
London  (Ref  47). 

Because  they  require  no  propellant  medium,  EM  guns 
can  in  principle  deliver  velocities  well  above  those  of  any 
other  guns  Velocities  up  to  6  km/sec  have  been  achieved 
with  railguns  in  numerous  laboratories  (Ref  42-47).  Energy 
efficiency  is  not  strongly  dependent  on  muzzle  velocity  until 
near  6  km/s,  where  in  practice  new  mechanisms  apparently 
limit  both  efficiency  and  achievable  velocity. 


A  primary  benefit  of  electric  guns  is  the  potential  for 
substantially  enhanced  system  performance.  Claims  regarding 
this  enhancement  have  two  major  themes:  Increased 

projectile  velocity  will  improve  lethality  against  armored 
targets,  increase  the  air  defense  keep-out  range,  and  extend  the 
range  of  fire  support  weapons.  The  absence  of  energetic 
propellant  will  also  benefit  vulnerability  and  logistics. 

Development  of  tr  EM  armamml  system  will  need  to 
marry  a  number  of  advanced  components  and  technology 
areas:  hypervelocity  operation,  new  types  of  gun  barrels,  new 
hypervelocity  projectiles,  and  electrical  power  supply 
componentry.  The  pacing  technical  challenge  is  reduction  in 
system  mass  and  volume,  which  b  dominated  by  the  electrical 
power  supply.  There  has  been  great  improvement  during  the 
past  five  years,  but  substantial  further  reduction  b  required. 

The  US  Army  Armament  Research.  Development  and 
Engineering  Center  (ARDEC)  leads  the  US  program  for 
tactical  weapon  applications.  Armor  defeat  b  the  focus 
application  driving  choices  of  component  technology 
requirements.  The  program  aims  to  field  electric  armament 
systems  in  the  2010+  timeframe,  and  will  involve  a  choice 
between  electromagnetic  and  electrothermal  technology  in  the 
interim.  The  Strategic  Defense  Initiative  Organization  (SDIO) 
program  b  motivated  by  strategic  and  theater  missile  defense 
systems. 

Two  90  mm  laboratory  railguns  with  a  9  megajoule 
(MJ)  muzzle  energy  capability  are  operational.  The  one  at  the 
University  of  Texas  Center  for  Electromechanics  (UT/CEM) 
is  powered  by  six  homopolar  generators,  and  is  used  to 
develop  the  technology  for  solid  projectile  armatures.  The 
other,  at  the  Maxwell  Labs -operated  Green  Farm  site,  has  a 
capacitor-based  power  supply,  and  fires  with  arc  armatures. 
Experiments  are  underway  at  both  sites  to  csublbh  a  data 
base  in  the  2  to  4  km/sec  velocity  regime.  They  address  mass 
vs  velocity  tradeoffs  for  armor  defeat,  and  support  90  mm 
projectile  development  tests. 

Design  and  fabrication  of  9MJ  "SLEKE" 
(sabot-launched  electric  gun  kinetic  energy)  projectiles  is 
being  performed  contractually  at  the  Kaman  Corp  and  the 
LTV  Corp.  The  efforts  involve  variations  in  sabot  and 
armature  configuration,  as  well  as  in  penetration  mechanism 
(solid  vs  segmented  rod  configurations).  Major  performance 
issues  are  launchability,  sabot  discard,  tipoff,  velocity 
reproducibility,  and  flight  and  terminal  effects.  Railgun 
testing  of  initial  designs  b  underway  at  interim  energy  levels. 

Hardware  is  coming  on  line  which  takes  the 
technology  out  of  the  laboratory,  in  two  separate  developments 
that  address  first-order  integration  issues:  (1)  A 

self-contained,  multiple  shot  "skid"  rails—',  .ystem  weighing 
23  metric  torts  will  be  tested  next  year.  Its  90  mm  railgun  is 
powered  by  a  "compubator"  (compensated  pulsed  alternator), 
and  is  being  fabricated  at  the  University  of  Texas  Center  for 
Electromechanics.  The  compulsalot  will  deliver  30  MJ  to  the 
railgun  breech,  a  factor -of-ten  advance  over  any  prior  machine 
of  its  size.  (2)  FMC  is  completing  t  stand-alone  repeatable 
banery/capacttor-based  power  supply,  in  a  transportable 
trailer -like  housing,  which  will  also  be  ready  for  testing  in 
1992.  This  "Pulse  Power  Module"  (PPM)  is  designed  lo 
deliver  8  MJ  pulses  to  an  electrothermal-chemical  (ETC)  load. 


but  allies  to  EM  gun  development  alao,  at  a  fim  step  at 
reducing  total  pulse  forming  network  (PFK)  energy  dentity. 

The  tactical  program  it  t  true  cured  for  a  folio  w-oti 
advanced  technology  demonstration  (ATD)  to  begin  in  late 
1995.  Entrance  criteria  have  been  defined  for  the  ATD,  and 
a  component  maturation  program  is  in  place  to  meet  them. 
This  includes  the  technologies  required  for  (1)  power  system 
downsizing  to  10  kJ/kg  delivered  energy  density  for  the 
TOTAL  pulse  power  system,  (2)  optmuzanon  of 

hypervelocity  utility,  particularly  for  the  anti -armor 
application;  and  (3)  development  of  barrel/armature  interfaces 
(and  solution  of  related  impediments)  that  enable  robust, 
high-performance  weapon  systems.  The  Army  receives 
planning  and  execution  assistance  in  this  component 
maturation  program  from  its  Federally  Funded  Research  and 
Development  Center  (Fhk.DC).  the  Institute  for  Advanced 
Technology  at  the  University  of  Texas  Cross-links  between 
the  Army  tactical  program  and  the  SDIO  strategic  one  have 
been  identified,  and  will  be  exploited. 

Improved  survivability  and  important  logistics 
benefits  are  expected  to  follow  from  the  replacement  of 
vulnerable  chemical  gun  propellants  with  diesel  fuel  or  its 
equivalent.  This  will  apply  on  the  battlefield  and  throughout 
the  manufacturing  and  logistics  chain.  The  tradeoff  is  the 
need  for  robustness  and  survivability  in  all  the  components  of 
an  armament  system  far  more  technically  complex  than, 
conventional  propellant  guns. 

The  electrical  power  system,  while  having  lower 
energy  density  (and  therefore  more  "manageable"  vulnerability 
issues  than  energetic  materials),  is  of  special  concern.  As  the 
energy  density  of  capacitors,  batteries,  inductive  devices,  or 
routing  machinery  increases,  their  vulnerability  and  damage 
polenual  is  likely  to  increase  as  well.  More  specific  comments 
m  this  area  must  await  the  component  maturation  which  will 
develop  specific  power  componentry 

There  are  prospects  for  decreased  undeT- armor 
volume,  and/or  increased  stowed  projectile  load.  Presuming 
then  potenuaJ  benefit  can  be  developed  and  optimized, 
hypervelociry  projectiles  are  smaller  and  lighter  than 
conventional  ones,  and  they  will  not  have  big  propellant -filled 
cartridges  attached  to  them.  These  benefits  multiply  in  a 
system  sense  because  they  also  mean  reduced  ammunition 
handling  and  loading  requirements.  An  important  technical 
uncertainty  at  this  point  is  the  battlefield  effectiveness  of 
lighter,  smaller  projectiles  with  kinetic  energy  equal  to  a 
heavier,  larger  projectiles. 

Reduced  recoil  anil  be  associated  with  EM  guns  for 
two  reasons:  for  a  given  projectile  kinetic  eneTgy.  smaller 
hypervelocity  projectiles  have  fewer  momentum  transfer.  In 
addition  no  propellant  gases  contribute  to  recoil  in  an  EM  gun. 
The  anticipated  factor -of-two  recoil  reduction  will  reduce  the 
recoil  system  and,  hence,  the  total  system  weight. 

Additional  prospects  for  increased  system 
effectiveness  involve  synergism  with  the  advantages  of 
all -electric  drive  tank  systems,  and  with  EM  armor  protection 
technologies  A  reduction  in  conventional  blast  and  smoke 
signatures  can  alto  be  expected. 


In  sum,  electromagnetic  gun  propulsion  promises 
significant  performance  advances  and  benefits  over 
conventional  armament  systems.  Moreover,  significant  space 
and  weight  reduction  are  projected  if  and  when  the  necessary 
power  supply  downsizing  has  been  achieved.  The 
monumental  challenge  of  developing,  integrating  and 
weapcmizing  the  component  technologies  will  certainly  involve 
serious  new  difficulties,  some  of  them  not  obvious  now. 

4 JS  IN-BORE  RAM  ACCELERATION  FOR  GUNS 

Higher  performance  chemical  propellant  charges 
require  more  total  energy  in  the  gun  chamber  AND  proper 
programming  of  the  energy  release  to  maintain  down  bore 
pressures  without  increasing  the  maximum  breech  pressure 
To  achieve  muzzle  velocities  in  excess  of  2-5km/s.  very  high 
propellant  charge  to  projectile  mass  ratios  (C/M)  are  required, 
posing  numerous  burdens  on  the  system,  not  the  least  of 
which  is  a  very  large  breech  pressure  in  order  to 
communicate  adequate  down  bore  pressures  to  reach  such 
velocities.  Electric  propulsion  concepts,  particularly 
electromagnetic,  offer  real  hope  for  providing  a  nearly  uniform 
acceleration  profile,  thus  removing  the  requirement  for  very 
high  breech  pressures,  but,  as  we  have  seen,  currently  carry 
with  them  significant  other  burdens. 

An  alternative  approach  to  increasing  the  mass  of  the 
propellant  charge  in  the  chamber  is  application  of  ramjet 
technology  to  inbore  propulsion.  The  ram  cannon  accelerator, 
depicted  schematically  in  Figure  14,  consists  of  a  projectile, 
resembling  the  cenierbody  of  a  ramjet,  traveling  through  a 
gun  tube  which  acts  as  the  outer  cowling  The  tube  is  filled 
with  a  gaseous  fuel/oxidizer  mixture,  and  the  combustion 
process  travels  with  the  projectile,  generating  thrust  which 
accelerates  the  projectile  down  the  tube  to  very  high 
velocities.  Thus  one  has  the  major  advantage  of  a  traveling 
charge  without  the  burden  of  accelerating  the  propellant  with 
the  projectile.  Projectile  velocities  reaching  the 

Chapman-Jouguet  detonation  speed  or  the  mixture  have  been 
theoretically  associated  with  a  subsonic,  thermally  choked 
combustion  mode;  University  of  Washington  tests  have 
yielded  velocities  in  excess  of  2.6  km/s  with  70  g  projectiles 
in  a  38-mm  bore  tube  using  this  mode  (Ref  48-49). 
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Figure  14  Ram  cannon  accelerator  concept 

Several  investigators  predict  velocities  as  high  as  9 
km/s  from  various  dettmative  combustion  modes  theoretically 
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associated  with  the  ram  accelerator  concept  (Ref  50). 
Experimentation  in  this  area,  only  now  beginning,  is  of 
potential  interest  to  communities  addressing  problems 
associated  with  hypervelocity  penetration  studies,  the  National 
Aerospace  Plane  (NASP).  and  potential  strategic  defense 
missions. 

Efforts  to  develop  large-caliber  ram  accelerators  are 
currently  ongoing  at  the  Franco-German  Research  Insitute  in 
St.  Louis,  France,  and  at  the  Ballistic  Research  Laboratory, 
Aberdeen  Proving  Ground  in  the  US  (Ref  51-52).  In 
addition.  NASA  is  sponsoring  an  experimental  program  to 
exploit  detonaoon  modes  of  ram/scram  propulsion  at  velocities 
above  4  km/s  in  a  medium  caliber  launcher. 

Numerous  technical  problems,  both  of  a  fundamental 
and  practical  nature  remain  to  be  solved  before  ram 
acceleration  becomes  a  serious  contender  in  the  field  of 
twrucal  gun  propulsion.  Understanding,  control,  and 
optimization  of  the  fluid  dynamics/reaction  kinetics  in  this 
environment  present  a  formidable  challenge.  Incorporation  of 
this  emerging  technology  into  a  practical  weapon  with 
acceptable  safety,  reliability,  and  survivability  characteristics 
as  well  as  performance  levels  offers  even  greater 
uncertainties  Assessment  of  the  LM  characteristics  for  such 
accelerators  has  yet  to  receive  senous  attention 

5.  CONCLUSIONS 

Advanced  gun  propulsion  effort'  in  the  US  clearly 
focus  or  both  improved  ballistic  perfom  ance  and  increased 
survzvabiliry.  Truly  insensitive  murutior  -  remain  an  ideal  to 
be  sought  but  never  fully  attained  Realr  JcaUy  our  objective 
are  less  sensib  millions  when  compa;  d  with  conventional 
propellant  munitions.  Both  certain  b  rid  prropellxms  and 
HELOVA  propellants  offer  chemical  "pprroaches  to  less, 
sensitive  munitions  For  electromagnetic  guns,  the  intrinsic 
hazard  of  energetic  propr Hants  is  rr-  .seed  by  increased 
amounts  of  less  sensitive  diesel  fuel  earned  on  board  and  the 
presently  unknown  hazajd/vulner  ability  «.  irac  ten  sties  of  high 
energyfhigh  power  storage  devices.  This  prprroach  promises  at 
least  in  principle  major  decreases  in  /stem  vulnerability 
Electroihermal/Chemical  gun  propulsion  is  exploring 
alternative  chemistries  and  unique  phy  cal  approaches  to 
achieve  significant  reductions  in  muniuo  s  sensitivity.  Power 
train  hazard  iasuea.  while  qualitatively  similar  to  those  of 
electromagnetic  guns,  are  expweted  to  t  :  quantitatively  leas 
significant  due  to  the  reduced  electric  power  and  energy 
requirements  The  in-bore  ramjet  cartn  is  dearly  in  a  very 
early  eaprehmental  stage  and  bole  can  be  said  definitively 
about  us  systems  pxuenual  nor  its  associated  hazard  issues 

Current  US  insensitive  munitions  teat  methodology  is 
Likely  to  become  more  sophisticated  with  increased  emprhasis 
on  evaluation  of  system  "sensitivity"  against  expiected  threats 
rather  than  simply  isolated  munitions  sensitivity.  This  requires 
realistic  descriptions  of  the  likely  threats  that 
muni uons/ry stems  are  expiected  to  survive.  These  are  often 
difficult  to  define  Bid  consensus  is  sometimes  difficult  to 
achieve  Yet  this  information  is  critical  to  any  analysis 
process  and  often  will  determine  the  specific  test  methodology 
to  be  employed  for  the  evaluation  of  a  given  systems 
vulnerability 


System  survivabibty  can  be  significantly  increased  if 
less-sensitive  munitions,  packaging,  storage  location, 
compartmentation,  internal  protection,  and  externa)  armor 
protection  are  combined  in  synergistic  fashion.  Much  progress 
is  being  made  in  undemanding  ai  least  qualitatively  the  design 
guidelines  for  improved  synergism.  It  is  in  the  context  of  an 
integrated  approach  to  system  vulnerability  reduction,  that 
threal-spiecific  "insensitive"  systems  are  possible,  even  with 
"less-sensitive"  munitions  carried  on  board. 
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Discussion 

QUESTION  BY  DEFQURNEAUX.  NIMIC:  You  said  that  electric  guns  would 
not  solve  the  problem  of  warhead  vulnerability.  What  about  using  an 
electric  gun  to  accelerate  (up  to  Mach  2,  say)  a  solid  fuel  ramjet- 
sustained  projectile  fitted  with  a  fuel-air  warhead?  This  system 
would  require  no  gunpowder,  no  rocket  propellant  (the  ramjet  uses 
atmospheric  oxygen)  and  no  high  explosive  (same  reason).  This  is 
partly  a  joke,  but  it  might  constitute  a  line  of  thought. 

ANSWER;  But  then  NIMIC  would  be  out  of  business!  More  seriously, 
this  is  an  insensitive,  truly  "insensitive"  approach  looking  for  an 
application  in  the  far  future.  Technically,  solid  fuel  ramjet 
projectiles  suffer  from  difficult  launch  and  flight  problems  which 
have  not  yet  been  overcome.  Fuel  air  explosives  are  limited 
primarily  to  soft  target  kills.  And  the  risks  in  Electric  Guns 
development  are  still  formidable.  Great  line  of  thought! 
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Introduction: 


The  designation  "sensitivity"  comnonly  used  for 
general  test  results  obtained  on  high  explosives 
respectively  high  explosive  charges  comprises  a 
variety  of  different  test  procedures  applied  on 
high  explosives  resp.  H.E.  charges. 

With  this  variety  in  potential  test  procedures, 
however,  different  high  explosive  and  H.E.  charge 
characteristics  are  determined  as  they  are  also 
applied  for  varying  conditions  and  statements.  In 
general,  the  individual  test  procedures  and  test 
methods  ntjst  be  familiar  to  permit  recognition  and 
judgement  of  statement  value,  statement  meaning 
and  a  correct  assignment  of  the  factor  achieved, 
as  in  most  cases  the  designation  chosen  is  the 
same,  that  is  "sensitivity". 

Sensitivity  Categories 

The  various  test  procedures  are  subdivided  and 
contemplated  in  accordance  with  their  statement 
capacity  regarding: 

-  Handling  Sensitivity  (UK:  sensitiveness) 

-  Survivabi  1  ity 

-  Initiability  (UK:  sensitivity). 

The  aspect  "handling  sensitivity”  is  the  most 
critical  one.  as  when  handling  high  explosives 
resp.  H.E.  charges  and  processing  them,  reaction 
should  be  avoided  to  the  utmost  extent  during  raw 
material  handling,  preparation  and  processing  of 
the  same  and  when  carrying  out  a  normal  transport. 

Regarding  the  munition  "survivability"  during  its 
utilization  it  is  essential  to  preclude  reaction 
even  under  extremely  strong  loads  and  extreme 
environmental  conditions.  The  corresponding  trials 
simulating  launch  acceleration  resp.  extreme 
stresses,  such  as  high  altitude  drop  tests,  form 
part  of  this  criterion.  For  several  tests  H.E. 
reaction  may  even  be  admissible,  but  if  possible, 
in  a  very  moderate  way  as  for  example  during  the 
fuel -fire-test.  In  practice,  such  stresses  repre¬ 
sent  in  most  cases  "rare  exceptions". 


Notwithstanding  this,  reaction  shall  not  resp.  must  not 
occur,  even  not  partial  detonations.  A  detonation  always 
brings  about  destruction  of  the  direct  surroundings  and 
endangers  persons  within  the  closer  area. 

"Initiabi  ity"  means  the  minimum  pressure  and  also  the  mi¬ 
nimum  projectile  velocity  at  which  detonation  occurs  in  full 
extent.  For  test  purposes,  the  limit  between  reaction  and 
detonation  is  determined,  whereby  this  detonative  induction 
can  also  be  desirable.  With  stimuli  by  far  inferior  all  the 
same,  more  or  less  violent  transformations  occur. 

Types  of  Stress: 

The  various  stress  types  are  subdivided  into  five  catego¬ 
ries: 

-  mechanical 

-  electrical 

-  shock  wave 

-  projectiles 

-  thermal. 

There  is  a  variety  in  different  stress  types  and  test  in¬ 
stallations  for  the  above  mentioned  categories  which  are 
only  in  part  standardized  internationally.  Within  the  in¬ 
dividual  stress  types,  these  stimuli  often  also  render 
varying  statement  values  regarding  a.m.  sensitivity  cate¬ 
gories. 

It  would  certainly  be  beyond  the  scope  of  this  paper  to  list 
and  describe  all  standardized  tests  and  the  large  number  of 
tests  which  have  been  conducted  by  several  individual  in¬ 
stitutions. 

But  practically  any  test,  which,  in  a  historical  point  of 
view  certainly  bases  on  events,  has  its  meaning  even  if  it 
is  presently  not  very  informative  as  regards  to  all  material 
systems  and  configurations  of  use. 


Test  Matrix 

Figures  2)  and  3)  show  the  problems  representing  the  basis 
for  at  least  the  major  part  of  the  various  test  methods  and 
procedures . 

On  one  hand,  varying  quantities  are  planned  and  used  for  the 
tests.  Reaction  probability,  however,  is  in  many  cases  also 
a  function  of  the  test  quantity  provided. 
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Condition  of  test  specimen  and  surrounding  also  With  the  survivability  tests  we  obtain  the  vulnerability  of 
has  an  essential  effect  on  the  resulting  reaction  the  HE  charges  or  of  the  airmunitions.  The  tests  are  ge- 

intensity.  It  is  necessary  to  distinguish  on  one  nerally  conducted  on  the  charges  or  airmunitions  and  the 

hand  between  raw  material  in  a  powder  state  and  threshold  is  no  reaction  or  low  order  reaction,  conpared 

granulated  material  and  on  the  other  hand  between  with  high  order  reactions. 

HE  charge  types  -  in  most  cases  available  in  a 

solid  state  -  manufactured  by  casting,  pressing.  The  initiation  tests  show  us  initiability  -  i.e.  how  easily 
extrusion  etc.  and  most  of  all  to  determine  if  the  high  explosive  can  be  initiated.  The  threshold  will  be 

they  undergo  tests  without  a  casing,  that  is  defined  between  ’reaction"  and  "full  detonation".  The  sam- 

without  confinement  or  if  they  are  comprised  in  a  pies  are  in  this  case  comnonly  high  explosive  charges, 
casing,  which  means  confined. 

The  sanples  are  either  powdered  or  solid  and  their  stimuli 
Charge  size  and  confinement  exert  considerable  thresholds  depend  on  a  lot  of  parameters  (fig.  5).  such  as 

influence  so  that  a  nunfcer  of  tests  should  be  type  oT  HE  or  composition,  phlegmatization  of  granulates, 

carried  out  only  on  the  actual  warheads.  As.  how-  bulk  density  or  porosity,  grain  size  o-  grain  size  distri- 

ever,  good  cooparison  capacities  with  various  but ion,  also  on  the  quantity  and  certainly,  very  much  on  the 

material  systems  are  required,  the  test  vehicles  confinement, 
used  are  chosen  by  random. 

All  the  tests  for  the  different  stimuli  can  be  categorized 
Another  aspect  is  that  applying  a  load,  normally  in  (fig.  6): 

no  reaction  is  desirable  which  is  most  of  all  -  mechanical  tests 

important  for  the  handling  of  high  explosives.  -  electrical  (electrostatic)  tests 

-  shock  tests 

In  case  excessively  strong  loads  are  applied,  for  -  projectile  impact  tests 

example  placing  the  munition  in  a  fuel  fire  under  -  temperature  tests, 

which  reaction  resp.  burning-off  of  an  energetic 

substance  is  unavoidable,  a  moderate,  smooth  bur-  The  different  tests  for  each  category  -  except  for  electri- 
ning,  but  no  violent  reaction,  most  of  all  no  cal  tests  -  are  summarized  in  tables.  The  individual  tests 

detonation  with  blast  and  fragmentation  effect  to  for  each  category  are  listed,  the  samples  generally  used  as 

the  surrounding  is  admissible.  This  means  that  for  powder  (P)  or  HE-charge  (C)  are  indicated,  further,  if  the 
the  survivability  tests  the  reaction  shall  be  very  test  is  useful  for  handling  sensitivity  (Ha)  or  for  survi- 

moderate  and  mild,  if  it  is  unavoidable.  vability  (Su)  or  initiability  (In)  and.  finally,  the  test 

will  render  the  limit  between  no  reaction  /  reaction  (R)  and 
This  is  most  of  all  iiportant  when  the  H.E.  charge  reaction  /  detonation  (D). 

mass  is  high  as  this  renders  a  big  radius  for  the 

destructive  effect.  This  is  not  as  critical  for  The  first  exanple  is  given  in  fig.  7  for  the  mechanical 

smaller  H.E.  charge  masses  as  their  total  ener-  tests.  The  individual  tests  which  are  not  very  famous  such 

getic  resp.  performance  capacity  is  also  minor.  as  Skid,  Susan,  Spigot  and  Gun  Set  Back  test  are  sketched  in 

fig.  8. 

The  first  part  (fig.  4  to  fig.  21)  comprises  the 

test  and  Inspection  procedures  admissible  for  H.E.  The  same  procedure  is  repeated  for  the  shock  tests  (fig.  9). 

charges  which  are  explained  and  assigned  to  the  Description  is  given  more  in  detail  for  the  instrumented  gap 

individual  stimuli  types.  test,  with  which  it  is  also  possible  to  obtain  the  build-up 

distance  as  a  function  of  pressure,  the  so-called  pop-plot 
The  second  part  (fig.  22  to  fig.  38)  gives  expla-  diagrams  (fig.  11),  and  also  for  the  modified  gap  test  with 

nations  on  specific  new  definitions  for  tests  to  typical  results  (fig.  12)  and  the  multi  gap  test  (fig.  13). 

accept  less  sensitive  high  explosive  charges  or.  The  different  projectile  Impact  tests  are  listed  in  fig.  14. 

more  precisely,  less  sensitive  warheads.  The  p  t  law  is  demonstrated  for  a  well  detonable  high  ex¬ 

plosive  charge  -  PBX  9404  -  with  electric  gun  or  flying 
First  Part  -  General  Tests  plate,  results  see  (fig.  10). 

The  tests  for  the  handling  safety  render  the  sen-  Results  of  flat  faced  projectiles  against  PETN  are  given  in 

sitiveness  of  the  samples.  As  a  result,  we  nor-  fig.  15,  with  shaped  charge  jets  against  conposition  B  char- 

mally  get  the  threshold  between  no  reaction  /  ges  in  fig.  16. 

reaction.  Specimens  in  a  powder  state  are  gene¬ 
rally  used  for  these  tests  (fig.  4). 


The  slow  cook-off  test  Is,  in  the  opinion  of  the  author,  an 
extremely  rare  phenomenon.  On  the  other  hand,  this  test  is 
expensive  when  being  conducted  on  real  warheads.  Maybe  it 
should  be  used  on  standard  configurations  as  a  screening 
test  for  HE  materials,  but  not  really  be  seriously  taken 
into  account  as  a  safety  or  survivability  test  (fig.  29). 

The  drawing  is  a  little  bit  Improved  for  the  bullet  impact 
test  (fig.  30). 

The  fragment  impact  test  requires  fragment  velocities  of 
8300ft/sec.  with  fragment  masses  of  16g  (fig.  31).  These 
very  high  fragment  velocities  are  not  very  realistic.  Only 
one  warhead  should  exist  with  these  static  fragment  velo¬ 
cities.  But  here  we  should  take  a  more  realistic  parameter 
pair  in  fragment  mass,  resp.  velocity.  Survivability  tests 
should  cover  all  accidents  which  happen  exclusively  with  99% 
or  max.  99.9%,  but  never  with  99.999999%. 

The  procedure  applied  for  the  sympathetic  detonation  test  is 
clear  (fig.  32  and  fig.  33). 

Shaped  charge  tests  are  described  too  much  in  detail  with 
regard  to  shaped  charge  geometry  and  specific  shaped  charge 
liners.  The  important  parameters  for  the  reaction  threshold 
of  SC  charges  are  jet  tip  velocity  and  jet  diameter.  Gene¬ 
rally  it  is  not  possible  to  receive  identical  raw  materials 
and  production  procedures  throughout  the  individual  NATO 
countries  and  thus  liners  which  are  required  as  indicated  in 
the  above  document  (fig.  34,  fig.  35,  fig.  36  and  fig.  37). 
furthermore  it  is  very  difficult  to  create  a  high  explosive 
SO  little  sensitive  that  it  will  not  react  violently  by  the 
impact  of  the  81mm  shaped  charge  jet  with  tip  velocities  in 
the  range  of  9mim/us  or  reduced  to  6  -  8  rnm/us  by  cover  pla¬ 
tes. 


The  various  temperature  tests  are  listed  in 
fig.  17.  These  tests  can  be  physically  subdivided 
in:  -  Constant  temperature  tests 

-  Increasing  temperature  tests 

-  Constant  heat  capacity. 

The  sample  must  be  carefully  arranged  in  a  con¬ 
finement  to  provide  always  the  same  heat  conduc¬ 
tivity  and  well  reproducible  results,  as  shown  in 
fig.  18,  with  the  One  Dimensional  Time  to  Explo¬ 
sion  test  (OOTX) .  The  fuel  fire  test  is  also  a 
typical  test  with  increasing  temperature  as  a 
function  of  time.  The  sample  should  be  a  real 
warhead  (fig.  19).  Surprising  is  that  a  real 
brightly  gluing  sphere  of  20mm  diameter  is  not 
able  to  bring  a  cast  TNT/ROX  charge  to  a  violent 
reaction  (fig.  20). 

A  summary  is  given  in  fig.  21  on  how  to  better 
distinguish  between  tests  and  their  purpose: 

-  Sensitivity  tests  with  intended  non  reaction 

-  Survivability  tests  with  non  high  order 
reaction  and 

-  Initiability  tests  to  determine  the  limit 
between  reaction  and  detonation. 

Second  Part  -  HIL-ST0-2105A  Tests 

The  specifications  for  tests  on  insensitive  high 
explosives  (less  sensitive  high  explosives)  acc. 
to  MII-STD-2105A  carried  out  on  19  1-1990  are  il¬ 
lustrated  in  this  chapter  (fig.  22). 

The  verbal  descriptions  of  the  Individual  explo¬ 
sive  reaction  levels  (fig.  23)  are  visualized  in 
fig.  24  with  regard  to  pressure  output  and  frag¬ 
mentation  of  the  casing. 

A  different  response  category  was  used  in  UK  for 
RATTAM  tests  (fig.  25  and  fig.  26).  But  after  the 
presentation  of  my  paper  I  have  learnt  by  a 
letter  that  now  UK  is  usinq  very  similar  ranking 
response  criteria  to  MIL-3TD-2105A. 

The  item  numbers  and  test  sequence  for 
MIL-STD-2105A  are  again  shown  in  fig.  27. 

The  partially  verbal  description  on  the  fast 
cook-off  test  or  fuel  fire  test  is  given  in 
fig. 28. 


Summarizing  the  tests  for  less  sensitive  high  explosives 

(insensitive  high  explosives)  acc.  to  MIL-STD-2105A: 

-  Fast  cook-off  test  (fuel  fire  test),  bullet  impact  test, 
sympathetic  detonation  test  and  spall  impact  tests  are 
realistic  tests  for  ammunitions. 

-  Fragment  Impact  tests  with  16g  and  8300  ft/s  are  over¬ 
driven. 

-  Slow  cook-off  tests  take  place  only  very  rarely. 

-  The  shape  charge  tests  as  described  above  cannot  really 
be  reproduced  because  of  the  too  specific  descriptions 
given  for  the  individual  parts. 

But  generally,  the  test  with  the  81mm  shaped  charge  is  an 
unrealistic  goal  for  warheads. 


General  Tests 


Handling  Sensitiveness 
Survivability 
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Mechanical  Survivability  Tests 


Modified  Gap  Test 
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Projectile  Impact  Tests 
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or  One  Dimensional  Time  to  Explosion  Test  (ODTX) 
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MIL-STD-2105A  (NAVY) 


Explosive  reaction  levels. 

a.  Detonation  Reaction  (Type  I).  The  most  violent  type  of  explosive  event.  A 
supersonic  decomposition  reaction  propagates  through  the  energetic  material  to 
produce  an  intense  shock  in  the  surrounding  medium,  e.g.,  air  or  water,  and  very 
rapid  plastic  deformation  of  metallic  cases,  followed  by  extensive  fragmentation.  All 
energetic  material  will  be  consumed.  The  effects  will  include  large  ground  craters 
for  munitions  on  or  close  to  the  ground,  holing/plastic  flow  damage/fragmentation  of 
adjacent  metal  plates  and  blast  overpressure  damage  to  nearby  structures. 

b.  Partial  Detonation  Reaction  (Type  II).  The  second  most  violent  type  of  explosive 
ever  .  Some,  but  not  all  of  the  energetic  material  reacts  as  in  a  detonation.  An 
intense  shock  is  formed;  some  of  the  case  is  broken  into  small  fragments;  a  ground 
crater  can  be  produced,  adjacent  metal  plates  can  be  damaged  as  in  a  detonation, 
and  there  will  be  blast  overpessure  damage  to  nearby  structures.  A  partial 
detonation  can  also  produce  large  case  fragments  as  in  a  violent  pressure  rupture 
(brittle  fracture).  The  amount  of  damage,  relative  to  a  full  detonation,  depends  on 
the  portion  of  material  that  detonates. 

c.  Explosion  Reaction  (Type  III).  The  third  most  violent  type  of  explosive  event. 
Ignition  and  rapid  burning  of  the  confined  energetic  material  builds  up  high  local 
pressures  leading  to  violent  pressure  rupturing  of  the  confining  structure.  Metal 
cases  arc  fragmented  (brittle  fracture)  into  large  pieces  that  are  often  thrown  long 
distances.  Unreacted  and/or  burning  energetic  material  is  also  thrown  about.  Fire 
and  smoke  hazards  will  exist.  Air  shock  are  produced  that  can  cause  damage  to 
nearby  structures.  The  blast  and  high  velocity  fragments  can  cause  minor  ground 
craters  and  damage  (break-up,  tearing,  gouging)  to  adjacent  metal  plates.  Blast 
pressures  are  lower  than  for  a  detonation. 

d.  Deflagration  Reaction  (Type  IV).  The  fourth  most  violent  type  of  explosive  event. 
Ignition  and  burning  of  the  confined  energetic  materials  leads  to  nonviolent 
pressure  release  as  a  result  of  a  low  strength  case  or  venting  through  case  closures 
(leading  port/fuze  wells,  etc.).  The  case  might  rupture  but  does  not  fragment; 
closure  covers  might  be  expelled,  and  unburned  or  burning  energetic  material  might 
be  thrown  about  and  spread  the  fire.  Pressure  venting  can  propel  an  unsecured 
test  item,  causing  an  additional  hazard.  No  blast  or  significant  fragmentation 
damage  to  the  surroundings;  only  heat  and  smoke  damage  from  the  burning 
energetic  material. 

e.  Burning  Reaction  (Type  V).  The  least  violent  type  of  explosive  event.  The 
energetic  material  ignites  and  bums,  non-propulsively.  The  case  may  open,  melt  or 
weaken  sufficiently  to  rupture  nonvio'ently,  allowing  mild  release  of  combustion 
gases.  Debris  stays  mainly  within  the  area  of  the  fire.  This  debris  is  not  expected 
to  cause  fatal  wounds  to  personnel  or  be  a  hazardous  fragment  beyond  50  feet. 

f.  Propulsion  (Type  VI).  A  reaction  whereby  adequate  force  is  produced  to  impart 
flight  to  the  test  item  in  its  least  restrained  configuration  as  determined  by  the  life 
cycle  analysis. 
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Explosive  Reaction  Levels 

MIL-STD-2105A  (NAVY) 


Type  I  Detonation 


Type  IV  Deflagration 


Type  II  Partial  Detonation 


Type  III  Explosion 
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RATTAM  Tests  UK 


Concern  by  the  Royal  Navy  about  the  safety  of  explosive  munitions 
mounted  or  stored  in  ships,  particularly  guided  weapon  warheads, 
led  in  the  UK  to  an  assessment  programme  generally  known  by  the 
acronym  RATTAM  (Response  to  ATTack  on  AMmunition).  The  aim  of  the 
programme  was  to  obtain  the  necessary  data  to  advise  the  RN  on  the 
risk  to  RN  ships  carrying  particular  weapons,  if  those  weapons  were 
sub|ect  to  terrorist  attack. 

It  was  decided  to  use  the  following  weapons  for  the  tests:  they  are 
readily  available  in  UK  service  ?nd  are  typical  of  what  a  terrorist 
might  obtain: 


Code 

Weapon 

A  (i) 

7.62mm  AP 

A  (l«) 

0.50  in  AP 

B 

20mm  HE 

C 

84mm  HEAT 

The  weapons  were  fired  a  explosive  munitions  protected  by  a  6mm  mild 
steel  plate  representing  the  sh.ps  side,  in  some  tests  the  protective 
plate  was  not  used  The  0  5  in  AP  has  been  used  most  in  tne  tests 
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Response  Categories  (RATTAM  -  UK) 


Six  categories  of  response  were  decided  upon  for  the  munitions  under  test: 

(I)  No  response 

(II)  Burning  -  the  explosive  filling  ignites  and  burns.  The 

munition  case  may  open  up  but  the  munition  is  not  moved  propulsively. 

(III)  Deflagration  -  The  explosive  store  is  ignited  leading  to  rupture 

and  often  accompanied  by  the  ejection  of  unreacted  or  burning  explosive 

(IV)  Mild  Explosion  -  The  explosive  store  is  ignited  leading  to  violent 
rupture.  Unreacted  or  burning  explosive  may  be  ejected.  Major  pieces 
of  the  store  may  be  thrown  a  considerable  distance 

(V)  Severe  Explosion  -  The  explosive  store  is  blown  apart  with 
considerable  violence.  The  damage  from  blast  and  fragmentation  is  extensive 
but  less  than  that  associated  with  detonation.  Large  fragments  are  ejected 
accompanied  by  unreacted  or  burning  explosive. 

(VI)  Detonation 
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Item  Number  and  Test  Sequence 


4  5  6  7  a  9  10  11  12*16  17  18  19  20 

I  l  l  !  I  I  I  I  I  I  It  I  II  II 

_  RADIOGRAPHIC  . _ 

INSPECTION 

J _ I  LL  I _ I  I _ L  LULL  L  I...  L  L 

Fast  oook-off  I  Slow  cook-off  II  Bullet  II  Fragment  iSympathetlc  Shaped  charge  l$haped  oharge 
test  (tee  6. 1  6)ltest  (eee  5  1  6)||  impaot  test  I  Impact  1  detonation  /•!  Impact  1  spall  Impact 

I  I  (see  6.1.7)  |(see  6.16)1  (see  6.1.9)  (*ee6.1.10)  |(see  6.1.11) 


ill 

if  il _ 


Vibration  test 
(see  6.1.2) 


UFM 

I  2  3 


28  day  temperature 
and  humidity  test 
(see  6. 1. 1) 


4-day  temperature 
end  humidity  test 
(see  6.1.3) 


Fast  Cook-off  Test 

5.1.5  MIL-STD-2105A  (NAVY) 


Thermocouples  Logistic  Package 


10  tt  i  Length  of  Test  Item 
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Slow  Cook-off  Test 

5  1.6  MIL  STD-2 1 05A  (NAVY) 


6  F  per  Hour  =  3,3  C  /  h 

Start  at  100  F  =  37,8  C  Below  Predicted 
Reaction  Temperature 

Continnousiy  Measurement  of  Temperature 


Mi; tire  20 


Bullet  Impact  Test 

5.1.7  MIL-STD-2105A  (NAVY) 


High  Speed  Cameras 
or  Video 


Steel  Witness  Plate 

vy/ 

Notes 

d]  -  Distance  to  First  Velocity  Screen  , 
d2  -  Distance  to  Second  Velocity  Screen  f  VP  1  sec 


dg  -  Distance  to  Test  Item 

d4  =  Distance  to  First  Blast  Gage 

d5  =  Distance  to  Second  Blast  Gage(s) 


Fragment  Impact  Test 

5. 1  8  MIL-STD-21 05A  (NAVY) 


I'istutv  hi 


Blast 

Gage 


« 


Witness  Plate  for 
Fragment  Velocity 


High  Speed  Cameras 
flfL  or  Video 


vpr  8300  t  300  ft/sec 
Minimum  of  2  Test  Items, 
ini  by  t  Steel  Fragment 
I  I  2)"  -  250  gram  16  g 
a  Largest  quantity  of  HE 
b  Most  sensitive  Location 


V 


v 


Test  j 
Item  |  [-• 


Fragment 

Projector 


d2 


l  dj  =  Distance  from  Fragment  Mat  to 
Witness  Plate 

d2  =  Distance  from  Fragment  Mat  to 
Test  Item 

dg  -  Distance  from  Test  Item  to 
Blast  Gage(s) 


Finnic  71 


Sympathetic  Detonation  Test 

5.1.9  MIL-STD-2105A  (NAVY) 
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Sympathetic  Detonation  Test 

Placement  of  Pressure  Gages 


A  A 


i 


d4 


a10 


d40 


n 


Pressure  Transducers 
4  per  string  (min) 


Distance  at  which  peak  airfclast  overpressure  is  expected 
to  be  approximately  40  psig  *t  all  test  items  detonate 

Distance  at  which  peaK  ai.oiast  ovu.'pressuie  is  expected 
to  be  approximately  1 0  psig  it  all  test  items  detonate 

Distance  at  which  peak  airbtast  overpressure  is  expected 
to  be  approximately  4  psig  if  all  test  items  detonate 

Distance  at  which  peak  airblast  overpressure  is  expected 
to  be  approximately  1  psig  'f  all  test  items  detonate 
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Shaped  Charge  Impact  Test 

5.1.10  MIL-STD-2105A  (NAVY) 


,  Steel  Witness  Plate 

Test  Item 


SI  mm  Precision  Steel  Witness  Plate 

Snaped  Charge 


81  mm  Precision 
Shaped  Charge 


lieu  re  34 


Shaped  Charge  Jet  Impact  Test 

5.1.10.3.2  M1L-STD-2105A  (NAVY) 


The  M  42/M46  grenade  shall  be  configured  as  follows: 


Explosive  fill: 


30  grams  of  Composition  A-5  conforming  to  MIL-E-14970 


Trumpet  with  3”  radius 


Cone  angle: 
Dimensions: 


Height  of  cone 
Outside  diameter 
Inside  diameter 
Wall  thickness 


=  1.3  inches 
=  1.315  inches 
=  1.237  inches 
=  0.075  inches 


Liner  description:  Copper  strip,  cold-rolled,  soft  annealed,  conforming  to  QQ-C-576 
Electrolytic  tough  pitch 
Grain  size  <  ASTM  grain  sizo  6 
Non-earring  quality  with  suppressed  cube  texture 

Body:  M  42/M46  body  load  assembly  (without  fuze) 
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Grenade  M  42  /  M  46 


Explosive  Charge  Body 


Cone 
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Shaped  Charge  Jet  Impact  Test 

5.1.10  MIL  STD-2105A  (NAVY) 


The  81  mm  precision  shaped  charge  shall  ha  configured  as  follows: 


Explosive  fill:  1 ,8  pounds  of  Composition  B  conforming  to  MIL-C-401 

Cone  angle:  42 


Dimensions: 


Height  of  cone 
Outside  diameter 
Inside  diameter 
Wall  thickness 


=  3.7  inches 
=  3.2  inches 
=  2.91  inches 
=  0.075  inches 


Liner  description:  Oxygen-free  copper  conforming  to  ASTM  B152  with  a  temper 
of  OS025 

Grain  size  <  50  microns  after  stress  relief 
No  shear  forming 
Depp  drawn  anneal 

Body:  Standard  90-mm  M371E1  recoilles  rifle  round 


i  teu  iv 


Standard  Shaped  Charge 


Plastic  Alignment 
Device  to  Center 
Booster  and  Detonator  on 
Chame  Axis 


Explosive 


Machined  Copper  Liner 
1,905  mm  thick 


Tetryl  Pellet 


Detonator 


.  26.975 


Surface  of 
Explosive  Charge 
(Machine  smooth) 


90  mm  M  371  Aluminum  Retaining  Ring 

Aluminium  Casing 


Aseltm**  1 1 990 i 


Note: 

Liner  Thickness  not  to  vary  more  that  005 1  mm 
in  any  transverse  plane  and  .051  mmm  in  a 
longitudinal  plane 
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Spall  Impact  Test 

5  1.11  MIL-STD-2105A  (NAVY) 


Shielding  Plate 

1  in  Thick 


Minimum  of 

4  Spall  Fragments  10  in‘ 

in  presented  area 

(up  to  40  Fragments  total) 
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Discussion 


QUESTION  BY  ?.  GERMANY:  What  do  you  think  about  the  value  of  shape 
charge  testing  in  the  field  of  insensitive  munitions? 

ANSWER:  The  threat  comes  from  shape  charge  warheads  attacking 
our  tanks,  therefore  we  want  insensitive  or  low  sensitivity 
munitions  in  our  tanks  that  will  have  no  reaction  or  mild  reaction  to 
shape  charge  attack. 
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“optimisation  de?  structures  des  charges 
pour  ces  'oririolat'ons  a'in  dassurer  !a 
conformity  aux  specifications  de  tesom 

La  presente  ccmrr.uricatlcn  effectue  'a 
synthese  des  resultats  des  <:eve'orpere~ts 
T3a  (Concepteur  de  charges  )  conduits  er 
association  avec  SNIPE  'Formula  teur  et 

'ourmsseur  de  composit  ms  explosives  )  , 

er  presentar.t 

-'es  resultats  des  trmu-'tes  acq.ises 
dans  divers  conf  Iguratlcms  struturales  avec 
'es  differents  evpiosifs  •tis.pomr  les  a 

:  Apeque  des  deve  oepements, 

-le  i  ogl  gramme  de  concept 'on  ces 

charges  &  ;mm  unite  ren'orcee  arm  de 
satisfaire  aux  specifications  actuePes 

d  ^mun'te 

2  SPECIFICATIONS  ACTUELLES 

D'lMMUNITE 

^es  Immun'tes  speclfiees  dans  les  nouveaux 
programmes  de  deve  ioppement  des  charges 
de  miss'les  et  des  munitions  aeroportees 


destlnees  A  I'Armee  ae  FAir  ou  la  Marine 
sent  recapitulees  dans  le  tableau  I  ci  apres. 


EPREUVES 

EVENEMENT 

A 

CONSTATER 

DOCUMENTS  A  UTILISES 
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ppn  .  if  T 
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TABLEAU  I 


3  ANALYSE  SES  RESULTATS  S' riMUNITE 
ACOLISt  2EPUI3  25  ANS  PAP  "5A 

3  t  Charger ents  en  hexogene  :o!lte 

l  ?s  resultats  des  epreuves  <l'imm'..nites  (  cf 
tab'eau  2  t  appliques  aux  charges  de 
Tissues  a-r/air  et  air/sol  <2$velooc<Jes  dans 
es  arnees  :  960/ I  9 7C  en  utsiisant  des 
cnargenents  prtncipaux  en  hexogene  '  to'ite 
armatures  de  Mores  de  verre  met  tent  e~ 
evidence  ’  importance  de  '  influence  de  lu 
structure  et  de  :  ‘nterface  structure  / 

crargemert  sur 

"acquisition  de  ''Immunite  A  f' impact  par 
d  a  i '  •?  a  presence  d'une  orotectior 

therm'due  en  s'l'csne  interpose?  entre  ia 
structure  e"-  acier  et  e  chargement 
principal  confere  aux  char  :es  l  'mmimte  a 
a  oalie  perforante  de  !  2,7mm 

3  2  Chargements  composites  a  Hants 
i  n  e  r  t  e  s 

_e  diveloppement  d' exp  Iosifs  a  Hants 
'rentes  dans  les  annees  1970  chez  SNPt  a 
Dermis  Lemp'oi  de  char  me^fs  de 
sens'o'Mt£s  redu'tes  par  rapper'  a 
i  hexogene  /  toute  res  chargements 

presentent  en  outre  de  tres  Donnes 
caracteristloues  tnerrnomeca-'iques  dans  les 
plages  des  temperatures  d'em.ploi  des 
missiles  deve'oppes  a  cette  epooue  <  -54  *C 
.  * 90"C  ) 

-  epreuves  d'immurite  aux 

er .  ironnements  accidenteis  appliquees  A  la 
premiere  charge  A  eclats  A  gerci  diverge nte 

f  cf  tableau  .3  )  *quipee  dun  chargement  cr 


hexogene  / 1 1  ant  piybutadiene  ont  mis  en 
evidence  les  comportements  su'vants  cu 
chargement  agresse  dans  une  structure 
assurant  le  deconfinement  des  pr  • j t .. 
de  decomposition 

-tpreuve  i.icendie  type  feu  ce  xerozene 

-arret  oe  la  reaction  de 
decomposition  des  i.'instant  ou  i'ouverture 
de  la  stucture  assure  la  rise  a  i'air  litre  du 

chargement  , 

-non  transition  decompos'tio'' 
/deflagration  '  detonation 

-Impact  de  balie  et  obus. 

-reaction  llmitee  a  une  combustion 
en  cas  d  impact  dobus  de  20  mm  ,  cu  do 

baiie  de  7,62mm 

-Detonation  par  influence 

-non  detonation  dans  les  conditions 
de  stockage  de  ia  charge  experimentee 

Ces  resultats  ont  ete  confirmes  et 
completes  lors  du  developpement 

soit  de  nouveiles  charges  de  missiles  a 
gerbes  "  focalisees  (gerbes  etroites  A  bords 
quasi  parallels  )  utilisant  le  merne  type 
dexplosif  et  des  structures  assurant  le 
a  .'confinement  des  prcduits  de 

decomposition  (  rf  tableau  3  )  Lors  de 

i  application  de  ces  epreuves  nous  avons 
observe 

-une  reaction  llmitee  a  la  combustion 
en  cas  d  Impact  de  balie  perforante  de  12,7 
m  m 


CHARGEMENTS  EN  HEXOGENE  /  TOLITE 
RESULT ATS  D'EPREUVES  D'lMMUNITE  A  L'  IMPACT  DE  BALLE  DE  i2,7  MM 
A  LA  VITESSE  D'IMPACT  DE  850  M/S 


EQUIPEMENTSj  INTERFACE  CHARGEMENT 
;  CORPS  DE  CHARGE 

TYPE  DE  BALLE 

RESULTaTS  ; 

i 

•  i-  v  ;  r-.f  F;\  vELF  :;‘-F  PF  ~  po  - 

PEPF'CR  ARTE 

ABFEPCl  ZE  : 

r  p  ,4  -  ~  ! 

TP AL ANTE 

O.  '  T  S'  .0. 

Tf  •  .'.T  '  "[. 

.  . -  ■* 

PERFOPAf,TC 

DE'~CP~~  CP 

i 

1 

TABLEAU  2 

CHARGEMEKTS  COMPOSITES  A  L i  ANTS  INERTE3 
ATS  D"MMUNI  TE  AUX.  tPREUVES  D'ENVIRONNEMENT  ACC  IDENTELS 

3  P£  u  V  £  5  \  P£5'JLTat5  1 
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du  charqement 


.(inclusions  do  I'd 
immumtes  specif 
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aca»;:ses  en 
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-  ! 
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dOtonaf  r  pa-  '"'^e-ce  dans 

deve  locment 

le  forrr.^'ateor 

'es 

1  1  !  0  n 

C'empiOl  CP  * f  .!  ■■  e" 

ae  charge 

,  af  in  de 

„uD0s  l  an  c 

:e-jrs 

(  tube  lanceur  en  hre  de 

'orrru  1  at  ions 

qo!  p: esenten 

verre  oe  ' 

a  ■  b ;  e 

fipaisse-r  ‘ 

performances 

par  rapport 

nr  or 
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-so  H  de  cnarjcs  cerforar.tes  dr 
•jr.  •  ,  ru;  a-:;  :  •  .  e  :.r-:o":.i  t  un  ’.re: 

or'-  :onf  1  "er-'e" t  tcorps  de  fo'te  ecaisseur  ; 

e au :  pees  due  c;  root  1 1 1  f  2a' a:  do 
>.‘C f 1  nerr.  ent  .  j  : o"" a '  or ce :  -  ■:  . 

;omcorter-e do  ce  type  de  nenit  o*  est 
ictueHemjrt  '  rmtee  2  :e'ie  du 

;,5V:p  d-  cargement  Des  etudes  de 
:  mcc;  ter  e~?  er  re"  d  ! ..  "  par 


'mposees  par  ies  specifications  ce  Dtsoln  et 
qui  offriront  Ies  meil'e  .rt  jar  a- He: 
d  immunite  Les  quatre  'acteurs  ies  p  uc 
!m?r  cants  qu'  i i  faut  associer  lers  de  2 
definition  de  la  munition  sent 

-emploi  don  explosif  a  forte  press': 
dim  Hat  ion  (cf  tableau  4  )  , 

-structure  de  charge  ecuipeo  c  ur 
dispositif  de  aeconf inement  , 

-interposition  si  recessa  re  do 
matSriaux  attenuateur  de  croc  a 
iMnterface  chargerrent  ceres  z~  chord-1 
cu  a  I'exteHeur  de  a  charge 

-em  ji  de  comoos :  t  ■ : -1  or  c-s am  d- 
oonnes  caracter'st  iques  the.-"  :r  eca-'c.r?.. 

garant issant  un  con 
1  impact  de  c a !  1  e 


;:m: 
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A  LOG : GRAMME  DE  CONCE^-ON  DES 
ADDED  a  -MMUN.’E  RENF'vCt: 

f  ^  n '  o r  o  ? . 1  •<  t?r' v  r  'ns r*~.  0  r~  t  ~ 

i]  ost  rt'prvr.**’'* \  ■••  i  •:  f  ■'I'-.-e 

0  •  •...y.]r1irr."v>  ,»rr'ir:i'’  '^rer-’i-;  0: 

■  v  ■■ r.  0  s  c  0 r ; r' n  e e  0  >J .j  f :  rr. -.j :  a  i  e  •  r  0 1  cJ •- 


E  X  E  H  P  l  E  D  APPLIC.-TiCN  D‘J 


'.r'  ?  *•>  para  ;r ‘iphe  J 

r  e  n '  0  •'  l  e  e  q  u '  ^  t  ■  i ' r  3  n  t 

pr  ir-o  'paux  et.  d  j  3 
r e a ' '  3 £ s  en  e x p ' 0 s  • ' 3 
\  -  "af  o'  votti’P.e 


c ::  •'  -:1 .. '  f  3  :3 

a  •  nn  m  ..  n  t  t  e 

■:r  argr^er  t:> 
;  d  am  o  r  ;  age 

’  cressi op 

Kpar 


Ces  niurvf.or.s  sent 

one  charge  j-r  ;rr  •!  :  oeronof-' 

i  exp  I  os  if  C  1  , 

-une  charge  sol  /  air  3-H  rn  ssi'a  et 

anti  aironefs  (  oxpiosif  L  )  , 

-une  bomue  per'otan.c-  arf  pistes 
«explos-f  f  ) 

Ces  exemples  de  r^ailsaf'n  -emantre  cue 
■  ‘acquisition  de  rir.munitfe  a--x  environement 
a-'cidentels  ne  st  trade;  t  car 
injiuctaD'ement  par  une  ■'eduction  de 
c»r  formance  si  rimnunite  est  prise  er. 
compte  des  le  debut  du  dove 'epperrent  Pans 
certaine  m  ission  ,antip;ste  par  exemgie  1 
etude  de  rerforcement  de  1  Immunity  a 
condu.t  a  une  ameimratior.  de  performance 


LOGIORAmt  UE  CONCEPTION 


u  ss  STAsmvi:  ixn.osix  i  s" 
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P.O.  Box  45.  2280  AA  Kijswijk 
I  ho  Neiherlantls 


IN  I  KODl  t  HON 

HxptoM’.ov  aro  the  active  coiisiuuv  nix  in  ammunition.  Their  high  energy 
output  per  unit  ot  time  is  used  tor  propulsion  and  terminal  ballistic  action. 
Ihis  capahilitv  is  also  a  continuous  threat  to  the  user  and  the  civilian 
surroundings  ..| ue  to  the  possibility  ot  unwanted  reactions. 

1  he  \  ulnerahdity  of  ammur.  lion  to  heat  i.eg  fuel  tire*,  hul  Ltd  rag  meni 
;mpa.  t  ami  sympaiheru  detonation  was  reiOg»i<ed  as  a  high  priority 
problem  to  be  solved;  especially  for  the  battlefield  situation  it  was  proven 
hv  operation  research  studies  that  introduction  of  Insensitive  Munitions 
IN!  is  ot  vital  importance  to  survive. 

[•■  improve  the  existing  munitions,  the  munitions  must  be  considered  as  a 
ti’ta!  ^ ■etkept  Pioivllants  explosives  and  pyrolCvhnics  must  be  of  a  less 
'.'..saive  natuic.  m  the  wise  ot  accidental  reaeiioiis  the  munition  is  capable 
i  venting  the  overpressure  quickly  by  venting  holes.  This  win  he  integrated 
>n  :he  munition  design  (grenade.  booster  eup.  rocket  mourn. 

[in  •  '! ad.  dwiu  w  ith  the  search  lor  less  sensitive  high  explosives, 
r v!  i'i.iv  :,wi!  fwt  ^ oi x  it  was  decided  to  make  u<e  ol  existing  explosives  the 
io.,tiNiiie  .u  non  i>  established  by  the  addition  ol  a  i commercial 
.0.1  i.ibic  ■  pol.iKi  bmdet  t  plastic  binder.  PB\  Plastic  Bonded  eXploxiw ». 
i  his  report  describes  the  research  done  in  this  held.  I  he  first  part  ol  the 
;  .-scats  h  v» .liw  iitraied  on  die  mllueiKC  ol  the  binder  on  the  PBX  system,  the 
soe;i'l  past  was  devoted  to  the  inlluence  of  the  explosives  manufacturing 
p»'«,  p.iiti. si/e  and  particle  shape 

Plastic  Bonded  fxplosivcs 

\  ;  !., h  exp;,-  ive  compo-ed  o|  ait  enereetu  high  explosive  like 
Ri  'X  hexo..v:o  >  r  MMX  •ov.tvigeni  atid  a  |H.i]vmer  binder  1  lie  tuiKtion  ot 
t i •-  ’  i : •  v ! -.  r  i  -  to  pr>'L\t  the  explosive  vrWaL  from  quick  initiation  due  to 
.  ..i.  ■  [Mis  :,..’i«.cd  b>  voatmg  the  entire  viystal  surlaces  ot  the 

, ■ ' . ■  a  'Jut;  polvmei  layer  1 1<  'Ihis  layer  can  absorb  the  accidental 

and  distribute  llieiu  eveniy  over  the  volume  ol  the  l*U\. 
me:  <.  nting  local  decomposition  and  initiation  Another  im|x>rtant 

: i :ior,  *  ;he  binder  is  n.s  high  muhanual  strength  the  hinder  will  create 
•:  !  !i.c  uiaiMv  between  the  explosive  parlules  Ihe  so  lormed  PBX  has 
a  bi.;h  'ricch.mic.il  or  neih  that  prevent  c  rack  formation  even  under  high 
i’ :  ■. on  l.noro.  Hits  i>  very  important  m  the  prevention  of  1>I » I 
i  Vi.>cn;::.m  t  •  I 'donation  I'rarisition  <  as  this  phenomenon  is  stimulated 
!•-.  .;.i.. k-  and  voids  ill  the  cvpl«*siv e 

PB\  composition 

■  he  render  ac  have  .  h-'sen  consists  ot  HI  I'B  1  Hv  Jroxv  Terminated  PoK 
Iveta- I'-'ue '  Ihe  reason  lor  this  choue  was  die  excellent.  well-described 
it i-.  .  t-.atina;  pfujxaties  of  this  binder;  H  I  Bit  is  used  in  reasonable  quantities 

■  i i  she  nxket  motor  industry.  If TPB  consists  (.f  {>ti  molecules*  chains  ot 
'  e. i, {;.  !,  •  which  are  able  to  form  a  network  hv  their  functional  lOH  --- 
!•  drov  v  .  r,d  croups  Phis  react  urn  proceeds  hv  the  addition  ol  isi*  vanates 
hk  11*1  loluenc  Di  Isocyanate).  For  this  study  we  used  isophonxluso 

.  .mui.  II '!’!  ■  Kaatoe  it  is  less  volatile  The  functional  NCO  group  ol  die 
!  ■>  ..el. i-e  react'  with  the  nil  group  ol  the  M  IBB.  Depending  on  the 
*  *M  N<  <  »  ratio  it  e-  {Hiwiblc  to  u*ntrol  the  number  ot  cross  links  between 
pob. hutadicn  chains  A  low  number  of  cross  links  results  in  a  sticky  <u 
lot  of  readive  croups  are  -.till  present*,  deformable  product,  which  cannot 
!<e  •  ■  ■>*.' < I  iri  amnmmiion  \  high  cross  link  density  i nearly  ail  the  reactive 
/.roup'  have  o  ade  T  results  m  a  very  hard,  brittle  product.  The  optimum 
.Toss  link  density  will  l>e  between  those  extremes 

t  n U  -  o 

Ihe  jxiK  butadiene  chain  has  an  unsaturated  C  (’  bontl,  which  can  read 
Airh  oxvgen  f stimulated  by  light)  !  V  )  has  studied  the  influence  of  aging 
oti  PBX.  ami  the  effect  of  the  addition  of  anti  oxidants  to  improve  the  shelf- 
life  li  was  proven  that  anti  oxidants  like  DI'HI’Q  (2,S  Di  Tertiair  Butyl 
Hvdro  (Jumonei  and  f  lex/<*ne  <  \  phem  I  N  eye  lohexyl  p  phriyU  ne  diamine i 
improves  the  aeiue  behaviour  ol  binders  in  PBX 


t!>:rniini ;  A^cnt 

The  interaction  bs' tween  the  explosive  and  the  binder  has  alw...s  be  a 
problem  because  of  die  fact  that  explosives  are  more  polar  in  nature  where 
the  binder  has  more  die  characteristics  from  non  polar  molecules.  This  can 
he  solved  by  the  use  of  bonding  agents;  a  bonding  agent  is  a  molecule  with 
a  polar  side  that  can  interact  with  the  explosive  surface,  and  a  non  polar  side 
that  has  a  better  affinity  to  the  binder  system.  The  bonding  agent  .with 
proven  qualities  in  PBX  formulations,  we  have  chosen  for  this  study  is 
Dantocol. 

f* hsiu'izcr 

Ihe  mechanical  properties  of  a  plastic  binder  can  strongly  be  influenced  by 
the  use  of  a  plasticizer.  Due  to  its  physical  and  chemical  properties  u  can 
tv  situated  between  the  long  polymer  chains  and  in  this  way  it  can  act  as  a 
kind  of  lubricant.  If  the  plasliei/er  is  too  volatile  it  can  exudate  from  the 
binder  matrix  this  makes  the  movement  of  the  long  polymer  chains  more 
difficult,  resulting  in  chain  rupture  and  consequent  crack  formation.  As  a 
plastici/cr  wc  used  isodecylpelargonaat  ( IDF*). 

B  <’i:inu  A  Kent 

This  is  a  prevessing  aid;  the  problem  is  to  distribute  H5  M  of  a  solid 
loading  over  a  viscous  liquid.  The  wetting  agent  acts  like  a  soap;  in  this 
way  the  solid  explosive  is  moistened  more  quickly  and  ihe  overall  viscosity 
<*!  the  mixture  is  lowered  so  we  soil  have  a  castable  mixture.  In  this  study 
we  used  l.ccithine  as  a  wetting  agent. 

i..xplo\iu' 

The  important  features  of  the  explosive  are: 

I  Well  available  2.  High  density  V  High  melting/decomposition 
temperature.  Most  promising  explosives  that  fulfil  this  demands  are  the 
mtramines  HMX  and  RDX.  In  order  to  achieve  a  solid  loading  of  85  C;F  and 
more  u  is  necessary  to  make  use  of  bimodal  and  multimodal  particle  size 
distributions.  The  explosive  crystals  must  be  void  free  and  of  a  regular 
sha;\\  for  practical  reasons  we  started  with  .ndusirial  grade  explosives  from 
Dvno  (No) 


PART  I  Ihe  influence  of  the  binder 

1  he  influence  of  the  binder  was  studied  by  varying  the  HTPB/lDPI  raiio 
■ret.  5.  part  II).  m  this  way  the  cross  link  density  was  varied  between  0.7 
and  1.0.  As  explosives  wc  used  RDX  and  HMX.  ihe  RDX  originate  from 
DVNO 

IVton  ion  velocity  and  pressure  were  determined  to  check  the  performance 
of  the  explosive  The  NOl.  latrge  Seale  Gap  Test  was  used  to  determine  the 
shix  k  sensitivity  To  This  method  demands  a  large  number  of  experiments 
and  the  /fore  another  test  w  as  used  to  determine  die  "distance  to  detonation 
and  the  ‘Tune  to  detonation”.  Normally  the  wedge  lest  is  used  to  determine 
these  parameters,  hut  we  used  a  slightly  different  and  simpler  test  method 
With  our  test  it  is  not  jKissiblc  to  follow  the  acceleration  of  the  shock  wave 
during  initiation. 

K\perinuanlal 

To  reach  a  solid  load  of  8**  wdv  in  the  HMX  and  RDX  with  HTPB- based 
PBXes.  attention  must  he  paid  to  the  particle  size  distribution  of  the 
explosive  component.  At  the  TNO-PM1.  normally  a  bimodal  mixture  is 
used  (or  the  RDX  based  PBXes  and  a  iri  modal  mixture  for  the  HMX  based 
PBXes.  The  hmils  of  the  particle  distributions  and  the  percentage*'  used  in 
the  bimodal  and  trimodal  mixtures  are  given  in  Table  1.  The  two  kinds  of 
RDX  were  obtained  from  different  sources;  both  contain  about  6  wt^ 
HMX. 


f  abte  1 


Particle  size  distribution  of  the  explosives  and  the  Results 

percentage  used  in  the  bimodal  and  trimodal  mixtures  In  Tahle  3  the  results  for  the  different  PBXcs  are  summarized. 


H\  plosive 

particle  size 

Vil% 

-  -  - 

— 

(pm.) 

-  - . - 

HMX 

150 

-  1400 

53.3 

10 

50 

33.4 

iOO 

500 

13.3 

RDX -I 

200 

500 

66.0 

M) 

34.0 

RDX- 11 

250 

-  m) 

50.0 

10 

50 

50.0 

Polyurethane  was  used  as  a  hinder  in  the  PBXes.  The  hinder  composition  is 
given  m  Table  2.  The  cross-link  density  was  varied  by  changing  the 
VO/OH  ratio  between  0.7  and  1.0.  The  hydroxyl  content  of  the  HTPB 
was  checked  by  standard  rnelhixis  involving  acetylation. 

fable  2  Composition  of  PBX  (wtX). 


Lx  plosive 

85.00 

HTPBTPDI 

10.19 

1  DP 

4.50 

Lecithin 

0.20 

Danlikol 

0.10 

1  lex  zone 

o.Ol 

Ihe  PBXes  wore  processed  by  mixing  the  components  m  a  planetary  Baker- 
IVrkins  mixer  lor  about  6  hours  under  vacuum  at  60  Next  they  were 
ast  under  vacuum  in  tellon  moulds  and  cured  for  7  days  at  the  same 
temperature.  Cylinders  of  50  mm  in  diameter  and  about  HO  mm  high  were 
cast.  Also  "MM. “tubes  were  filled  to  test  the  shock  sensitivity  of  the 

explosives 


1  he  detonation  parameters  to  he  determined  were  the  detonation  velocity  and 
the  detonation  pressure.  The  first  was  measured  with  the  help  of  ioni/ation 
pins.  The  pressure  was  obtained  indirectly  by  determining  the  pressure  in  a 
ilnn  plexiglass  tPMMA)  plate  in  contact  with  the  explosive.  The  piezo 
eicv  trie  I’MM  A  gives  a  polarization  signal  when  a  shock  wave  passes.  The 
pressure  m  the  PMMA  was  calculated  from  the  time  the  shock  wave 
required  to  travel  through  the  plate  This  technique  (SIP  =  Shock  Induced 
Polarization!  is  described  extensively  elsewhere  Mi.  The  detonation  pressure 
x  an  be  tabulated  from  the  pressure  tn  the  PMMA  it  the  Mugomot  of  the 
n-.u  tion  priHfucts  is  known 

Ihe  MM.  l.-ugv-S^aic  Cap  Test  was  used  to  determine  the  critical  shock 
pro -.sure  at  whuh  50  9,  ol  the  experiments  result  in  a  detonation  t  y>. 
f  x plosives  were  cast  in  steel  tubes  of  i  d.  -  >7  mm.  o  il.  -  48  mm. 

I  ..  1 40  mm  Pressed  tetryl  id  =  50  mm.  I  =  50  mm)  in  combination  with 
a  PMMA  attenuator  was  used  as  a  donor. 


\  verv  simple  test  was  used  to  obtain  a  measure  tor  the  distance  to 
initiation  and  the  tune  to  initiation  of  the  explosive  iFig  U.  In  this  test  the 
sink’  donor  system  was  employed  as  for  the  N<H.  gap  test,  but  now  with  a 
hare  cylinder  of  explosive  id  =  50  mni).  With  a  streak  camera  the  shivk 
from  in  the  PMMA  was  followed  (back  lighting)  As  soon  as  the  shock 
wave  enters  the  explosive,  light  is  no  longer  detected  by  the  camera. 
However,  after  an  "initiation  distance”  (initiation  timei.  a  detonation  wave 
with  intensive  light  emission  is  generated  The  light  emission  can  he 
..■nhaik ed  by  attaching  a  piece  of  Sclloiape  to  the  explosive. 


Figure  1  Test  set-up  to  determine  the  distance  to  initiation  and 
time  to  initiation  1  detonator.  2-support  plate.  3-teIryl. 
4  PMMA.  5-streak  slit.  6-Seltotape.  7-explosive 


Table  3  Detonation  and  shock  sensitivity  for  the  PBXes 


j_  Explosive 

_  PRDX-l 

PRDX-l 

PRDX-II 

PHMX 

PHMX 

Cross-link  density 

1.0 

0.7 

1.0 

1.0 

0.7 

D(km/s) 

7.9 

8.0 

7.9 

8.2 

8.1 

P*  |GPa) 

19.5 

19.5 

20.0 

23  0 

22.4 

Pi  50  %)  (GPa) 

3.2 

3  7 

3.7 

3.0 

3.0 

Initiation  distance 
(mm) 

10.9 

10.5 

20.9 

16.5 

19.6 

Initiation  lime  (p.s) 

4.1 

4.2 

7.5 

5.7 

6.6 

As  might  be  expected,  the  detonation  velocity  (D)  and  pressure  (P* )  do  not 
vary  for  the  different  formulations.  The  detonation  velocities  (7.9  km/s  for 
RDX'hascd  and  8.2  for  HMX -based)  are  very  close  to  theoretically  predicted 
values  for  PBXes  with  a  solid  load  of  85  wt%,  The  pressures  shown  are  the 
pressures  in  the  thin  plexiglass  transducer. 


Contrary  to  the  invariability  of  the  detonation  parameters,  the  shivk 
sensitivity  is  clearly  influenced  by  variations  in  the  PBX  formulation. 


T  he  NOI.  gap  test  results  t  P(50  % )j  for  a  scries  of  explosives  are  given  in 
Table  4.  The  sensitivities  of  the  PBXes  Jic  between  those  of  RDX./wax 
(91,8))  and  pressed  TNT  at  one  extreme  and  CotnpB  and  cast  TNT  at  the 
other.  A  great  difference  is  found  for  the  two  RDX  if  and  ID-based 
formulations.  As  far  as  the  NOI.  gap  test  results  are  concerned,  the  cross¬ 
link  density  docs  not  have  a  significant  influence  on  the  shock  sensitivity. 


Also  the  measurements  of  die  initiation  distance  and  initiation  lime  indicate 
that  both  RDX- based  formulations  differ  considerably.  However,  the 
initiation  distances  obtained  for  the  HMX -based  formulations  are  longer 
than  for  PRDX-l.  which  is  in  contrast  to  the  NOI.  gap  lest  results.  The 
results  also  show  that  w  ith  this  test  method  the  effect  of  different  cross-link 
densities  can  tv  detected.  A  longer  initiation  distance  is  measured  for  the 
HMX  based  formulations  with  a  low  cross-link  density. 

Table  4  Shock  sensitivity  ‘or  several  explosives  as  determined 
by  the  NOL  Large  Scale  Cap  Test 


lixplOMM' 

Density 

Ihessed/Cast 

P  ( 50  *?  ) 

(kg/m^)_ 

- . . 

(CTa) 

RDX 

1610 

P 

1.0 

RDX/wax  (D I/D) 

1600 

P 

1.7 

TNT 

1580 

P 

20 

piimx 

1640 

C 

3.0 

PRDX  1 

1580 

c 

3.2 

PRDX-II 

1580 

c 

3.7 

TNT 

1580 

c 

5.9 

GornpH 

1710 

c 

4.4 
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RARDLBu 

Description  of  £  si  sec  NATO  AOP  7  202-01-006 
Description  of  Reaction  Categories 


Degree  of 
Reaction 


Reaction 

Description 


Observation 


|  0 
|  0/1 

I  I 


fails  to  ignite  j 

burning  end  cap  not  ejec  ted 

pressure  burst  due  to  end  cap(s)  ejected 
burning  j 

deflagration  2  to  9  tube  body  fragments 

explosion  10  to  100  tube  body  fragments 

detonation  >  100  tube  body  fragments 

_ showing  evidence  of  detonation  I 


Fragment  Attack  Test  UK 


1  est  description 

see  NATO  AOl*  7  20 1-06-00  3 

Degree  of 
i  Reaction 

Observation 

0 

1 

No  visible  sign  of  reaction  after  penetration  of  the 
septum  by  the  projectile  i 

Hint  of  a  burning  reaction  which  has  faded  rapidly,  no 1 
obvious  consumption  of  explosive 

■» 

Deiachmert  of  the  septum,  up  to  20  C/«  of  explosive  j 
consumed 

Septum  detached,  vehicle  intact  or  broken  into  large  . 
fragments,  more  than  20  c/t  of  explosive  consumed 

100  ci  of  explosive  consumed  in  a  very  violent! 
reaction  characterized  by  breaking  up  of  vehicle  into1 

very  many  small  fragments  showing  evidence  ol  shear 

failure  ; 

Results 

Table  6 

Ron 

lid  tin 

Septum  m.ileri.il  1 

Voice  tile  veK*city 

Degree  ot  reaction 

■JUS'1) 

ii! 

steel 

M4 

1 

K‘)7 

0 

O 

<r\ 

1 

! 

1000 

2 

<i 

I  wo 

*> 

S 

142X 

2 

2 

143s 

2 

1  >06 

4 

4 

l  SX7 

4 

I  MV) 

4 

I  hi  *  ivo  was  carried  out  according  to  SCC  No  *6  and  j  range  of  test  data 
.m  other  materials  can  be  found  there.  While  the  results  lor  Rl  67  are  quite 
good  the>  are  not  exceptional  for  a  PBX.  The  threshold  lor  ignition  is 
'xervi  approximate!)  S00  m,>.  which  compares  with  approx.  WM)  m/s  for 
PF4  and  approx.  7ut)  m/s  tor  RGP  iboth  XS  r{  RDXv 
Keai.  lions  were  relatively  mild  until  the  threshold  tor  detonation  was 
/cached.  In  this  lest  die  detonation  threshold  is  directly  related  to  the  sluxk 
svii'imitv  ot  the  explosive  in  the  large  Scale  Gap  lest  (l.SGT).  I  lie  value 
id  IMi  m  s  would  be  equivalent  to  a  median  gap  ol  ,G  GPa  in  the  LSGT 
and,  iherelore,  RL  -67  is  less  shock  sensitive  than  cast  creamed  TNT  but 
more  sensitive  than  some  other  PBXs. 


Disc  us sion 

I  he  diMereikes  in  the  sensitivities  ol  the  two  RDX  based  lormulaiums 
could  lx*  ascribed  to  the  small  differences  in  the  ratio  ot  line  and  coarse* 
RDX  used  to  obtain  a  bimodal  mixture;  PRDX-I1  contains  a  larger  fraction 
ot  ime  RDX  isce  fable  h  Moulard  tourul  distances  to  initiation  ol  about 
1 ?  mm  and  2*  nun  t .4  and  ?»  Ms)  for  the  coarse  and  fine  RDX -based 
PBXes.  re  spec lively  These  values  were  obtained  tor  an  initiation  pressure 
ot  about  S  (.Pa  in  our  experiments  the  pressure  m  the  plexiglass  at  the 
interlace  is  4.2  GPa  Assuming  the  Mugomot  ol  the  PBX  to  be  l  = 
?  >♦!  Xu  the  pressure  in  the  PBX  is  about  4.7  GPa.  Since  these  pressures 
iic  about  (he  same  ii  is  not  surprising  that  the  results  ol  both  tests  are 
iompaiable.  However.  Moulard  compared  line  and  coarse  RDX 
loimuiations  while  m  our  ex|k*nmcnis  there  is  only  a  small  difference  in 
the  ratio  ot  the  bimodal  mixture.  The  great  differences  we  observe  for  the 
ddlerefu  lorinulations  could  K*  caused  by  the  crystal  properties  of  the  RDX. 
'tic lx  as  the  crvstal  geometry. 

f  Min  j  comparison  of  the  NOI.  gap  test  dam  and  the  initiation  distances  it 
apjvars  that  both  test  methods  give  information  about  different  stages  in 
the  shock  initiation  process  The  initiation  distance  is  determined  by 
imitating  the  explosive  with  a  pressure  pulse  ol  4  2  GPa.  which  is 
i  orisulerably  higher  than  the  pressures  found  m  the  N(  )L  gap  test.  Therefore 
the  measurements  of  the  detonation  distance  probably  only  give 
information  about  the  final  stages  of  the  pressure  build  up  to  detonation, 
w  hile  the  gap  lest  results  refer  in  the  full  shock  initiation  process. 


Ihe  experiments  also  show  that  the  measurements  of  the  initiation  distance 
and  the  initiation  time  are  much  more  sensitive  than  the  NOI.  gap  test  I 
(e  g.  an  initiation  distance  of  about  3  mm  is  found  for  pressed  TNT).  It  is 
our  experience  that  small  differences  between  different  hatches  of  a  PBX  can 
be  observed  with  this  lest  method.  This  is  also  confirmed  by  the  results  for 
the  MMX-lwsed  formulations  with  different  cross-link  densities 

Sub  conclusions  Part  f 

Prom  the  results  the  following  conclusions  can  he  drawn 

1  The  particle  size  distribution  and  possibly  the  geometry  of  the  particles 
have  a  large  influence  on  the  sensitivity 

2-  Although  the  donor  system  is  the  same,  the  results  for  the  NOI.  gap  test 
and  the  initiation  distance  test  cannot  be  compared  directly.  However, 
because  the  latter  test  requires  considerably  fewer  experiments  and  also 
seems  to  be  more  sensitive,  further  investigations  with  this  test  method 
seem  feasible 

v-  The  sensitivity  of  a  PBX  towards  shock  initiation  is  not  influenced 
markedly  by  the  cross-link  density  variations  of  the  plastic  binder  In  the 
deflagration  to  detonation  mode  as  seen  in  the  burning  tube  tests  there  in  a 
visible  tendency  that  high  cross-link  density  give  rise  to  more  sensitive 
explosives.  The'  possible  explanation  for  this  difference  is  the  dynamic 
character  of  the  shock  wave;  the  binder  act  as  a  kind  of  liquid  in  this  ease, 
so  the  number  of  cross-links  is  nut  of  importance.  From  the  shock 
sensitivity  work  we  noticed  a  rather  large  influence  trorn  the  explosive 
particle  si/c  and  shape,  it  was  decided  to  study  this  in  more  detail  in  the 
second  period. 

PART  If  Influence  of  explosive  particle  si/e  and  shape. 

Generally  it  is  assumed  that  the  polymer  reduces  the  sensitivity  ot  the 
explosive  to  madvert  stimuli  considerably.  A  great  deal  of  research  has  been 
carried  out  to  characterize  the  properties  of  the  PBX  in  relation  to  the  type 
of  polymer  used  f  1 1.  In  part  1  we  have  seen  that  the  influence  of  the  binder 
by  iis  cross  link  density  was  very  minor.  In  part  11  we  concentrated  on  ihe 
explosive  particle  si/e  and  shape. 

Initiation  of  F.xplosives 

Due  to  heat,  friction  and  shock  waves,  explosives  can  decompose.  If  the 
number  of  decomposing  explosive  molecules  per  unit  of  volume  exceeds  a 
certain  limit  the  heat  of  reaction  will  decompose  the  remaining  explosive 
resulting  in  a  self  sustained  reaction.  Studies  of  the  initiation  of  explosives 
have  revealed  that  the  initiation  of  explosives  is  stimulated  by  the 
imperfections  in  the  explosive  <6). 

Lach  deviation  from  the  ideal  crystal  .structure  causes  the  constituent  lattice 
ions  to  free  themselves  more  easily  from  their  fixed  positions  in  the  lattice. 
The  first  deviation  in  a  lattice  is  formed  by  the  surface  itself:  the  ions 
present  in  the  surface  have  lesser  bonding  compared  to  the  ions  in  the 
middle  of  the  lattice,  so  they  can  be  removed  with  less  energy.  The  ions  at 
the  edges  and  comers  can  be  removed  even  more  rapidly  compared  to  the 
normal  surface  ions. 

Crystals  have  many  natural  imperfections  like  vacancies,  edge  and  screw 
dislocations,  faults,  cracks;  but  also  impurities  (sometimes  introduced  to 
create  a  special  characteristic,  we  call  this  dopants)  give  rise  to  a  crystal 
structure  with  an  increased  mobility  and  reactivity. 

Prom  the  above  it  is  obvious  that  particle  si/c  and  shape  are  very  important 
features  if  the  level  of  crystal  faults  and  impurities  can  be  kept  constant  be 
the  production  process. 

The  morphology  of  the  high  explosives  used  in  the  PBX  and  in  particular 
the  crystal  si/c  distribution  has  received  a  lot  of  attention  in  order  to  modify 
the  sensitivity  (2). 

It  is  only  recently  that  a  more  regular  shape  <>l  the  explosive  particles  is 
considered  as  a  tool  to  decrease  the  sensitivity  of  extruded,  pressed  as  well 
as  cast-cured  explosive  charges  (7). 

Dyuo  has  used  a  simple  mcthixf  to  produce  spheroid  particles.  TNOPMl. 
has  processed  cast -cured  HTPB -based  PBXes  with  diflerent  hatches  of  RDX 
and  has  measured  the  shock  sensitivity. 

To  obtain  a  high  solid  load  in  the  PBXes  a  bimodal  mixture  ol  coarse 
(about  300  pm)  and  fine  (about  20  pm)  RDX  is  used.  In  this  study  the 
shock  sensitivity  of  PBXes  with  RDX  taken  directly  from  the  production 
line  and  PBXes  with  RDX  which  has  gone  through  additional  processing 
steps  to  increase  the  spheroid  character  of  the  coarse  and  fine  crystals  have 
been  compared. 

The  shock  sensitivity  has  been  determined  with  a  rather  simple  gap  test 
which  determines  the  distance  and  time  to  detonation  for  different  initiation 
pressures. 


(Experimental 

The  RDX  is  produced  by  the  well-known  jcetic  anhydride  process 
( Bachmann  process)  and  rccry  stall  t/cd  in  ace  lone. 

Spheroid) /aiion  of  ihc  crystals  is  carried  oul  by  loading  angular  RDX 
crystals  in  RDX  saturated  acetone.  Next  the  mix  is  agitated  and  the 
temperature  is  raised  and  maintained  at  a  predetermined  level.  When  the 
desired  spheroidi/.ation  obtained  by  partial  dissolution  and  erosion  is 
reached,  the  suspension  is  discharged  to  a  filter  and  washed.  The  reactor  used 
has  a  total  volume  of  150  litres.  It  is  equipped  with  a  (vbladed  turbin 
agitator,  2  baffles,  healing  jacket,  reflux  condenser  and  a  (lush-mounted 
dumping  valve.  The  agitator  shaft  has  a  water  seal  and  the  agitator  speed 
can  be  continuously  regulated. 

The  filter  consist  of  a  simple  nutche  equipped  with  a  heating  jacket  and 
operated  by  vacuum. 

The  reactor  is  first  loaded  with  a  saturated  solution  of  RDX  in  acetone  at 
room  temperature.  'I'hc  acetone  has  a  concentration  to  water  between  90  and 
100  ‘v .  Approximately  30  kg  of  RDX  is  loaded  and  the  agitator  started.  The 
temperature  is  raised  to  50  C  and  agitation  is  maintained  constant  for  '-5 
hours.  iX'pendmg  on  the  crystal  si/e.  the  agitator  tip  speed  is  set  normally 
between  2  and  14  m/s.  The  suspension  is  discharged  to  the  nutche  and  the 
acetone  is  sucked  off  to  a  filtrate  tank.  The  filter  cake  is  washed  with  water. 
A'  required,  the  product  is  finally  fracuoned  and  by  mixing  of  fractions  die 
required  st/o  distribution  is  made. 

Typical  scanning  electron  micrographs  of  the  non  treated  coarse  and  fine 
vim  pie  taken  directly  from  the  production  line  and  of  the  spheroidi/ed 
coarse  and  fine  sample  are  given  in  figure  2.  The  particle  si/e  distributions 
ol  these  samples  are  presented  in  P.gure  3  and  sum  haractenstic  values  arc 
summarized  in  Table  7. 

Ihc  coarse  vimple  taken  directly  from  the  production  line  contains  typical 
irregularly  sh;q>ed  agglomerates  and  more  or  less  angular  singular  crystals. 
Die  spheroid  ctursc  particles  are  more  oval  and  small  cracks  arc  observed  at 
the  sur lace.  I  hc  panicle  size  distribution  ol  both  coarse  samples  is  about 
the  same 
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figure  2  Typical  scanning  electron  micrographs  of  the  non 
treated  coarse  (a)  and  fine  b)  sample  and  the 
spheroidized  coarse  (c)  and  tine  (d)  sample 


Table  7  Average  particle  size  (d(0 .5))  and  10  %  and  90  % 
values  of  fhe  particle  size  distribution  of  the  RDX 
samples  (pm) 


sample 

d  <0.5j 

d  (O.h 

d  (()'• 

.oarsc: 

non- treated 

2X5 

1X5 

430 

spheroid  i/ed 

370 

23S 

530 

line: 

non- treated 

1  : 

s 

50 

spheroidized 

52 

2H 

SO 

The  particle  si/e  distribution  of  the  fine  samples  differ  considerably.  The 
non- treated  sample  has  a  very  wide  di.stribuuon  with  a  maximum  around 
20  pm  while  the  spheroidized  sample  has  a  relatively  narrow  distribution 
with  u  maximum  at  52  pm.  It  was  not  possible  to  obtain  smaller  particles. 
The  same  type  of  cracks  as  arc  observed  for  the  coarse  sample  are  observed 
for  this  fine  sample. 

Both  coarse  samples  contain  less  than  1  .0  wt‘<  UNIX  while  the  amount  ol 
HMX  in  the  fine  samples  is  m  between  6  and  7  wt^i . 


Bimodal  mixtures  with  a  eoarse/finc  ratio  of  R  -  (>4/3f>  of  the  non -created 
samples  and  the  spheroidi/ed  samples  have  been  used  in  the  PBXes  Also  a 
binuxtai  mixture  of  the  spheroid  coarse  sample  and  the  non- treated  line 
sample  has  been  used  to  investigate  the  influence  of  the  difference  in  the 
particle  si/.e  distribution  of  the  fine  samples 

The  lap  density  of  these  mixtures  at  R  --  04/ 3b  are  ITSi*.  1 3.X0  ami 
1 44l)  kg/m  '  respectively. 


A  polyurethane  hinder  (HTPB  and  IPD1)  and  a  I  DP  plasticizer  are  the  main 
ingredient.,  of  the  polymer  binder.  A  1st)  Danioeol  was  added  to  improve  the 
bonding  between  the  non  polar  polymer  and  the  polar  explosive  crystals. 
PBXes  were  cast  under  vacuum  and  after  curing  the  density  was  found  to  be 
I ‘'SO  kg/m-  indicating  that  hardly  any  voids  are  present  in  the  PBX.  A 
•lore  detailed  description  til'  the  casting  procedure  can  be  found  in  (8). 


The  PBX  wiLh  the  non  treated  RDX  particles  shows  the  shortest  distances 
to  detonation  and  is  the  most  shock  sensitive.  For  this  test  configuration 
this  PBX  cannot  be  initialed  at  pressures  below  3.3  GPa.  From  experience 
we  know  that  the  critical  pressure  from  this  test  is  very  close  to  the  results 
obtained  with  the  NOL  l>arge  Scale  Gap  Test. 

I'he  PBX  with  the  sphcroidized  particles  has  the  longest  distances  to 
detonation  and  its  critical  pressure  is  about  3.9  GPa  for  which  a  distance  to 
detonation  of  42  mm  is  found.  At  slightly  lower  pressures  no  initiation  is 
observed. 


ITicse  results  indicate  that  spheroid  explosive  particles  reduce  die  sensitivity 
ot  a  PBX.  It  is  assumed  that  the  differences  in  the  particle  size  distribution 
are  to  small  to  take  care  of  these  effects. 


initiation  pressure  (GPa) 

Figure  4  Distance  to  detonation  for  the  PBXes  with  non¬ 
nested  RDX  (o),  spheroidized  RDX  (  D)  and 
spheroidized  coarse  and  non-treated  fine  RDX  (+) 


r  igure  3  Particle  Size  distribution  ot  the  coarse  (a)  and  fine  ib) 
samples.  non  treated  and 
spheroidized 


\  Nimplc  gap  test  is  u>cd  to  determine  the  lime  and  distance  to  detonation 
.it  a  hare  PBX  i.  ylinder  of  50  mm  diameter  and  without  any  confinement.  It 
vOiKi-ls  ol  a  telryl  booster  (l  •■=  50  mm.  o  =  50  mm  and  p  =  1510  kg/rnS 
m  combination  with  a  plexiglass  attenuator  of  the  same  diameter. 

A  streak  camera  records  the  shock  wave  through  the  plexiglass  (back 
lightning)  and  the  moment  and  position  the  shock  wave  enters  the  PBX. 
\Uo  the  position  and  lime  the  detonation  wave  emerges  from  the  side 
surface  of  the  PBX  is  recorded  by  the  streak  camera.  The  initiation  distance 
and  time  are  determined  lor  different  initiating  prcssuics.  i  e  lengths  of  the 
plexiglass  attenuator 

In  contrast  with  the  wedge  test  a  spherical  diverging  shock  wave  is  used  to 
inmate  the  sample  Also  the  distance  to  detonation  is  not  determined  on  the 
central  axis  but  on  the  surface  of  the  charge  However,  from  the  streak 
recordings  we  learned  that  on  arrival  at  the  surface  a  detonation  wave  is 
propagating  m  the  forward  and  backward  direction  Since  the  velocities  of 
both  waves  are  about  equal  they  can  probably  be  ascribed  to  the  spherical 
extension  ol  a  detonation  wave  starting  on  the  central  axis  of  the  charge. 
For  tho  reason  it  can  he  assumed  that  the  results  obtained  with  the  present 
test  will  not  ditter  considerably  from  wedge  lest  results 

Results  and  discussion 

t  he  results  obtained  for  the  three  different  PBXes  are  presented  in  Figure  4 
where  the  distances  to  detonation  arc  presented  as  a  function  of  the  pressure 
in  the  plexiglass  at  the  picxiglass/PBX  interface.  The  corresponding  times 
to  detonation  show  the  same  trend  and  will  he  discussed  elsewhere. 

•Vs  could  be  expected  the  trend  observed  for  all  three  formulations  is  a 
steady  decrease'  of  the  distance  to  detonation  with  an  increasing  initiating 
pressure.  At  low  pressures  an  asymptotic  value  is  reached,  below  which  the 
PBX  ,annot  be  initiated  any  more.  At  high  pressures  the  distance  to 
initiation  seems  to  converge  to  a  more  or  less  constant  value 


However  because  the  particle  size  distributions  of  the  tine  samples  differ 
considerably  the  sensitivity  of  a  PBX  w  ith  a  bimodal  mixture  of  spheroid 
coarse  particle*  and  non  treated  fine  particles  has  also  been  measured  Its 
sensitivity  curve  lies  just  below  the  curve  lound  lor  the  PBX  w  ith  the 
spheroid  particles  with  a  critical  pressure  of  3.75  GPa.  This  relative 
increase  in  die  sensitivity  as  compared  to  the  spheroid  particles  is  contrary 
to  trends  observed  elsewhere  where  the  sensitivity  decreases  with  a 
decreasing  particle  size.  This  could  also  be  an  indication  that  also  for  the 
fine  fraction  of  the  bimodal  mixture  the  particle  shape  is  more  important 
then  the  particle  size. 

\t  the  moment  it  is  not  yet  clear  what  reasons  cause  the  shift  in 
sensitivity. 

Firstly,  it  might  be  that,  despite  the  vacuum  casting  technique  lived, 
microscopical  voids  are  formed  on  the  surface  of  the  crystals  during  the 
casting  process.  Although  the  densities  ol  all  tested  PBXes  are  the  same 
within  0.2  wtcF  it  could  be  that  these  microscopical  voids  are  more  likely 
to  occur  on  the  surface  of  the  irregularly  shaped  surfaces  of  the  non -treated 
crystals  and  act  as  "hot  spots '  during  initiation.  The  role  of  the  small 
cracks  observed  at  the  surface  of  the  spheroid  particles  in  the  initiation 
prexess  is  not  yet  dear. 

A  second  possibility  could  be  the  content  of  HMX  in  RDX.  The  HMX  ts 
lound  both  as  impurities  in  RDX  crystals  and  as  relatively  pure  crystals  in 
the  fine  fractions  of  the  crystal  distribution.  During  spheroidi/ation  HMX 
is  dissolved  leading  to  a  lower  content  cf  HMX  in  the  final  product.  This 
dissolving  effect  might  also  be  an  explanation  for  the  cracks  observed  at  the 
surface  of  the  spheroid.  The  relatively  low  percentage  of  HMX  at  the 
surface  of  the  RDX  particles  could  be  connected  to  the  lower  shock 
sensitivity. 

A  third  possibility  could  be  related  to  the  mechanical  strength  of  the 
crystals.  Angular  crystals  will  be  more  susceptible  to  shear  forces  than  the 
spheroid  crystal  The  mechanical  strength  of  the  sphcroidi/cd  samples  could 
also  be  increased  because  these  crystals  have  been  stirred  for  several  hours 
during  which  the  cry  stals  with  less  strength  are  crushed  down  and  removed 


Sub  conclusions  II 

This  study  was  started  to  investigate  in  ho*  tar  the  particle  shape 
influences  the  sensitivity  ot  an  explosive. 

Spheroid  panicles  were  obtained  w  nh  a  rather  simple  technique  and  also  die 
shock  sensitivities  were  determined  with  a  rather  simple  gap  test  Taken 
into  account  that  the  quality  ol  the  crystals  could  he  unproved  by 
opt  musing  the  spheroidi/ation  process  and  dial  no  attempts  have  been  made 
to  oplnm/c  the  bimodal  mixture  it)  particle  si/e  and  particle  si/c 
distribution  the  results  arc  still  impressive  because  die  few  additional  steps 
m  the  production  process  resulted  in  a  reduet  ion  in  the  shock  sensitivity  ol 
o.b  GPa  It  i..  very  likely  '.hat  opiirni/ation  of  the  prcnhiction  and  the 
processing  patameiers  will  give  at  least  a  comparable  reduction  leading  to 
an  explosive  which  has  an  even  lower  sensitivity  than  ConipB. 

I  he  spheroidi/ation  process  could  be  improved  in  several  wavs  Tor 
example,  it  works  best  if  one  starts  with  a  narrow  fraction  of  crystals 
Iwausc  too  wide  fractions  will  result  m  either  crystal  break-up  of  the 
largest  sized  crystals  or  less  spheronli/ation  of  the  smaller  sized  crystals. 
Also  the  reactor  and  stirrer  design  and  the  agiUitor  s(vcd  couUl  ho  adjusted  to 
ihe  specified  crystal  si/e.  The  temperature  of  the  solvent  and  the  type  i»t 
solvent  used  will  also  influence  the  quality,  i  c  the  shape  and  the 
siinxiihnes.s  of  the  surface,  ol  the  crystals 

Optimization  ol  the  biniodal  mixture  applied  could  also  reduce  the 
sensitivity.  Prom  other  investigations  it  is  known  that  particles  below 
'll  urn  reduce  the  sensitivity  and  in  dm  respect  changes  in  the  coarse  line 
ratio,  within  the  limitations  of  the  capability  ot  the  sample,  could  also 
reduce  ihe  sensitivity.  Some  results  will  he  published  in  the  near  future. 

An  advantage  ol  the  increased  spheroid  character  is  the  improved 
pnKcssthility  and  custability  t»l  the  PBX.  This  might  lead  to  even  higher 
solid  loads  of  afx'iil  SS  r,<  which  reduces  the  need  lor  energetic  polymers  In 
ft*. > w  tar  the’  spheroid  particles  influence  the  mechanical  properties  of  the 
PlvXes  i'  under  investigation  at  the  moment. 
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Discussion 


QUESTION  BY  MAY,  US:  Would  you  expect  this  effect  to  also  hold  for 
much  smaller  particle  sizes? 

ANSWER:  I  wish  I  knew,  but  I  do  not  know.  I  assume  you  mean  1-10 
micron  size  spherical  particles,  that  size  is  very  hard  to  produce 
consistently.  I  don't  think  there  are  any  really  good  methods  to 
define  these  size  particles. 

QUESTION  BY  MAY,  US:  What  would  be  your  guess? 

ANSWER:  I  really  don't  know. 
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1.  SUMMARY 

Cast-cured  plastic-bonded  explosives  (PBXs)  with  a 
reduced  vulnerability  to  unplanned  stimuli  are  currently 
being  developed.  The  explosives  described  in  this  paper 
are  based  on  HMX  and  an  inert  binder.  The  effects  of  the 
solid  loading,  the  particle  size  distribution  of  the  HMX  and 
the  curing  agent/polymer  ratio  on  the  physical,  chemical, 
mechanical  and  rheological  properties  of  the  explosive 
were  investigated. 

The  detonation  properties  of  the  most  promising 
formulations  were  evaluated  and  compared  to  Composition 
B  and  CX-84A,  a  PBX  developed  at  DREV  and  based  on 
an  inert  binder  and  RDX.  The  shock  sensitivity  was 
measured  by  means  of  the  DREV  Gap  Test.  The 
detonation  velocity  was  also  evaluated.  The  performance 
of  these  explosives  was  initially  evaluated  by  measuring 
their  ballistic  capacity,  determined  from  the  lateral 
acceleration  of  metal  plates. 

2.  INTRODUCTION 

Defence  Research  Establishment  Valcartier  has  been 
involved  in  the  development  of  cast-cured  plastic-bonded 
explosives  for  approximately  20  years.  This  work  began 
with  explosives  based  on  an  inert  binder  and  RDX.  The 
objective  of  the  work  was  to  develop  explosives  with  an 
equivalent  or  improved  performance  compared  to 
Composition  B  but  with  an  improved  response  to  hazards. 
One  of  these  explosives,  CX-84A,  was  thoroughly  studied 
(Refs  1,  2,  3,  and  4)  and  was  found  to  exhibit  a  lower 
vulnerability  to  unplanned  stimuli.  The  vulnerability  of 
CX-84A  to  several  hazards,  including  fast  and  slow  cook¬ 
off,  bullet  impact,  heavy  fragment  impact  and  electrostatic 
discharge,  was  tested.  These  tests  resulted  in  no  reaction 
or  burning  only,  as  specified  in  insensitive  munition 
requirements,  for  all  these  tests  except  the  heavy  fragment 
test  which  prixluccd  a  light  partial  explosion.  Its  shock 
initiation  sensitivity  was  thoroughly  evaluated  with  the 
Calibrated  Shock  Wave  Test  (Ref  5)  and  the  formulation 
was  optimized  with  respect  to  its  shock  sensitivity  (Ref  6). 
Its  performance,  however,  was  only  87%  of  that  of 
Composition  B  as  measured  by  the  Standard  Cylinder  Test 
(Ref  7). 

The  RDX  was  replaced  by  HMX  in  order  to  increase  the 
energy  of  the  explosives  but  at  the  same  time  to  maintain 


or  improve  their  low  vulnerability  characteristics.  Several 
aspects  of  these  formulations  have  been  considered  at  this 
time,  including  processing,  chemical,  physical  and 
mechanical  properties,  shock  initiation  sensitivity  and 
performance. 

3.  EXPERIMENTAL 

3.1  Formulations 

The  explosive  formulations  discussed  here  were  based  on 
HMX  and  an  inert  binder.  The  binder  was  composed  of 
R45-HT  hydroxy-terminated  polybutadiene  (HTPB),  dioctyl 
adipate  (DOA)  and  toluene  diisocyanate  (TDI).  Two 
different  solid  loadings  were  investigated,  84  and  85%.  A 
bimodal  distribution  of  Class  III  and  Class  V  HMX  was 
used  and  the  effect  of  the  panicle  size  distribution  was 
investigated  by  incorporating  two  different  Class  Ill/Class 
V  ratios,  70/30  and  80/20,  into  the  formulations.  Two 
different  curing  agent/polymer  ratios,  1.1  and  1.2,  were 
also  employed  to  determine  the  effect  of  this  parameter  on 
the  mechanical  properties  of  the  explosive.  The  percentage 
of  plasticizer  remained  constant  at  35%  of  the  binder  for 
all  of  the  formulations.  The  formulations  are  given  in 
Table  1. 

3.2  Processing 

The  explosives  were  processed  in  a  4CV  Helicone  mixer 
from  the  Atlantic  Research  Company.  This  mixer  has  a 
capacity  of  1  US  gal.  The  explosives  were  mixed  at  60°C. 
The  binder  ingredients  were  mixed  under  vacuum  and  the 
solids  were  then  added  in  three  or  four  increments  and 
mixed  after  each  addition.  The  explosives  were  mixed  for 
one  hour  under  vacuum  before  the  curing  agent  was 
added.  The  optimum  mixing  time  was  determined  by 
measuring  the  viscosity  of  samples  from  a  test  mixture  at 
10  minute  intervals  with  a  Brookfield  viscometer.  The 
optimum  mixing  time  was  determined  to  be  1.5  hours.  The 
viscosity  of  all  mixtures  was  measured  before  and  after  the 
addition  of  the  curing  agent  with  the  Brookfield 
viscometer.  The  pot  life,  the  lime  between  the  addition  of 
the  curing  agent  and  a  significant  increase  in  the  viscosity, 
was  determined  by  constantly  measuring  the  viscosity  of  a 
sample  with  a  Haake  Rotovisco  RV12  viscometer.  The 
explosives  were  cured  at  60°C  for  3  or  4  days. 

The  density  of  the  cured  explosives  was  measured  with  a 


Table  1:  Explosive  Formulations 


Ingredient 

Formulation  1 

Formulation  2 

Formulation  3 

Formulation  4 

HMX  Class  111 

58.8 

67.2 

58.8 

59.5 

HMX  Class  V 

25.2 

16.8 

25.2 

25.5 

HTPB 

9.6 

9.6 

9.5 

9.0 

DOA 

5.6 

5.6 

5.6 

5.2 

TDI 

0.8 

0.8 

0.9 

0.8 

Quantachrome  Corp.  pienometer.  Helium  was  used  as  ihe 
displacement  gas.  The  hardness  of  the  PBXs  was 
measured  w  ith  a  Shore  A  durometer. 

3.3  Characterization 

The  cured  explosives  w  ere  characterized  by  measuring  their 
mechanical  properties  in  tension  with  a  Instron  Universal 
Testing  Instrument  Model  1122.  The  samples  were 
conventional  JANNAF  dog  bones.  The  explosives  were 
cast  into  slabs  and  the  dog  bones  were  cut  with  a  die. 
These  properties  were  measured  at  both  ambient 
temperature  and  -40°C.  Some  samples  were  conditioned  at 
-40°C  for  14  days  and  their  mechanical  properties  were 
then  measured  at  -50°C.  No  significant  change  in 
mechanical  properties  was  noted  as  a  result  of  the 
conditioning  and  no  embrittlement  effect  was  observed  as 
is  expected  with  an  HTPB  binder -based  explosive. 

The  detonation  velocity  of  the  formulations  was  measured 
by  both  ionization  probes  and  streak  camera  on  samples 
5.08  cm  in  diameter  and  15.0  cm  in  length.  The  charges 
were  initiated  by  a  plane  wave  generator  of  the  same 
diameter.  The  ionization  probes  were  placed  at  5.08  cm 
intervals  and  the  velocity  between  each  of  the  probes  and 
between  the  first  and  last  probe  were  measured. 

The  shock  initiation  sensitivity  of  the  formulations  was 
evaluated  by  the  DREV  Gap  Test  on  samples  3.18  cm  in 
diameter  and  7  62  cm  in  length.  Two  leiryl  pellets,  1.59 
cm  in  diameter  and  1.75  cm  in  length,  served  as  the  donor. 
The  barrier  in  the  DREV  Gap  Test  is  made  of  aluminum. 

The  ballistic  capacity  of  the  explosive  formulations  was 
measured  by  the  lateral  acceleration  of  metal  plates 
propelled  by  the  explosive’s  detonation  front.  The  ballistic 
performance  of  the  explosive  is  defined  as  the  energy 
transferred  to  the  plate.  The  detonation  velocity,  metal 
plate  angle,  and  detonation  gas  angle  are  measured 
experimentally,  and  the  optimal  energy  transfer,  optimal 
energy  efficiency,  Richter  coefficients,  chemical  energy  and 
the  Chapman- Jouget  pressure  arc  calculated  (Ref  8).  This 
test  was  developed  in  France  (Ref  9)  and  is  used  as  a 


preliminary  step  in  the  characterization  of  an  explosive’s 
performance  before  more  extensive  tests  such  the  Standard 
Cylinder  Test  are  carried  out.  The  explosive  samples  were 
machined  into  slabs  26.2  ±  0.05  cm  by  8.4  ±  0.005  cm  and 
2.0  ±  0.005  cm  thick,  The  charges  were  initiated  with  a 
line  wave  generator  (Ref  10;.  The  detonaiion  velocity  was 
measured  by  ionization  probes.  The  metal  plate  and 
detonaiion  gas  angles  were  determined  from  images 
obtained  from  a  flash  X-ray  system. 

4.  RESULTS 

The  viscosity  of  the  explosive  mixtures  for  the 
formulations  outlined  in  Table  1  are  given  in  Table  2.  It 
can  be  seen  that  the  final  viscosity  is  slightly  higher  for  the 
formulation  loaded  with  85%  HMX.  4.0  kP  compared  to 
1.6  kP  for  84%  HMX  loading.  The  effect  of  particle 
distribution  on  the  viscosity  for  formulations  with  84% 
solid  loading  is  less  pronounced.  The  viscosity  increases 
from  1.6  kP  for  a  Class  111/Class  V  ratio  of  70/30  to  2.6  kP 
for  a  Class  111/Class  V  ratio  of  80/20.  Some  initial  studies 
with  85%  HMX  loading  indicate  that  the  effect  of  particle 
distribution  is  more  significant  at  this  loading.  The 
viscosities  before  the  addition  of  the  curing  agent  fall  in 
the  rai.ge  12.0  to  10.8  kP. 

The  pot  life  for  these  formulatioas  is  also  given  in  Table 
2.  Once  again  the  formulation  w  ith  85%  HMX  loading  has 
a  pot  life  which  differs  significantly  from  those  for  the 
other  formulations.  The  pot  life  for  the  formulation  with 
85%  HMX  loading  is  137  min  compared  to  285  min  for  a 
similar  formulation  with  84%  loading;  the  pot  life  for  the 
formulation  with  85%  solid  loading  being  approximately 
half  of  that  measured  for  the  others.  Additional  studies 
have  confirmed  that  these  formulations  have  a  shorter  pot 
life  when  85%  solid  loading  is  used  instead  of  84%.  The 
pot  lives  for  the  other  formulations  fall  within  a  shorter 
range  of  values,  285  to  224  min,  the  shortest  being  that  for 
the  formulation  with  the  higher  Class  Hl/Class  V  HMX 
ratio  and  higher  viscosity. 

The  hardness  of  these  formulations  is  fairly  constant  and 
falls  within  the  range  68  to  63  Shore  A.  The  highest  value 


is  that  for  the  formulation  with  he  higher  curing 
agent/polymer  ratio;  however,  as  a  preliminary  evaluation, 
these  differences  could  not  be  considered  significant.  The 
density  of  these  formulations  is  in  the  range  of  1.62  to  1.63 
Mg/m\  the  density  of  formulations  with  85%  solid  loading 
being  slightly  higher  than  those  with  84%  HMX  loading. 

The  results  for  the  mechanical  properties  testing  are  given 
in  Table  3.  The  values  given  are  for  the  maximum  stress 
and  the  elongation  at  rupture,  measured  in  tension.  The 
particle  distribution  in  this  case  had  a  much  greater  effect 
on  the  value  for  the  maximum  stress  than  c  n  the  elongation 
of  the  sample.  The  elongation  decreased  from  26.07  to 
24.98%  when  the  HMX  Class  Ill/Class  V  ratio  was 
increased  from  70/30  to  80/20;  however,  the  value  for  the 
maximum  stress  decreased  from  0.62  to  0.53  MPa. 
Increasing  the  ratio  of  the  cunng  agent/polymer  ratio  from 
1.1  to  1.2  resulted  in  an  increase  in  the  value  for  the 
maximum  stress,  from  0.62  to  0.69  MPa,  and  a  significant 
decrease  in  the  elongation  of  the  explosive,  from  26.07  to 
15.71%.  An  increase  in  the  solid  loading  produced 
explosives  with  a  lower  elongation,  26.07%  for  84%  HMX 
loading  compared  to  20.35%  elongation  for  a  similar 
formulation  with  85%  solid  loading,  without  effecting  the 
value  for  the  maximum  stress. 


Changing  the  curing  agent/polymer  ratio  seems  to  have  the 
most  dramatic  effect  on  the  elongation  of  the  cured 
explosives.  The  particle  size  distribution  appears  to  be 
slightly  more  effective  in  changing  the  value  for  the 
maximum  stress  than  the  other  lormulation  parameters.  A 
decrease  in  temperature  results  in  an  almost  doubling  of  the 
value  for  the  maximum  stress  but  has  very  little  effect  on 
the  elongation. 

The  detonation  velocity  for  formulations  with  84  and  85% 
loading  are  compared  with  those  for  CX-84A  and 
Composition  B  in  Table  4.  There  is  an  signifirmt  increase 
in  the  detonation  velocity  of  formulations  with  o4  and  85% 
HMX  loading  compared  to  CX-84A  and  Composition  B. 
The  detonation  velocity  for  the  HMX-based  formulations 
are  8351  and  8200  in/s  for  formulations  with  85  and  84% 
solid  loading  respectively,  compared  to  7908  and  7892  m/s 
for  CX-84A  and  Composition  B  respectively. 

Ballistic  capacity  experiments  have  also  been  conducted  on 
a  formulation  with  84%  loading.  These  results  are 
compared  to  those  for  CX-84A  and  Composition  B  (Ref  9) 
in  Table  5.  The  detonation  velocity  of  8197  m/s  is  in 
agreement  with  the  value  measured  on  cylinders  5.08  cm 
in  diameter  using  both  streak  camera  and  ionization  probes. 
The  detonation  pressure  was  evaluated  at  27.9  GPa.  This 


Table  2:  Physical  Properties  of  Formulations 


Table  3:  Mechanical  Properties  of  Formulations 


Formulation 

Room  Temperature 

40°C 

Stress 

(MPa) 

Elongation 

(%) 

Modulus 

(MPa) 

Stress 

(MPa) 

Elongation 

(%) 

Modulus 

(MPa) 

1 

0.62 

26.07 

5.02 

1.24 

22.92 

23.652 

2 

0.53 

24.98 

4.95 

1.14 

24.24 

19.30 

3 

0.69 

15.71 

8.71 

1.35 

17.48 

17.48 

4 

0.62 

20.35 

6.62 

1.02 

16.89 

26.79 

I 


Table  4:  Detonation  Velocities  of  Formulations 


Explosive 

Detonation  Velocity  (m/s)  1 

Formulation  1 

8200 

Formulation  4 

8351 

CX-84A 

7908 

Composition  B 

7892 

Table  5:  Explosive  Characteristics  from  Ballistic  Capacity  Evaluations 


Formulation  1 

CX-84A 

Composition  B 

P  (g/ml) 

1.618 

1.554 

1  717 

D  (m/s) 

8197 

7908 

7  892 

Pa  (GPa) 

27.9 

25.4 

27.9 

Ec  (J/g) 

4146 

4008 

4586 

K.E  (J'g) 

1114 

1076 

— 

1230 

p  ■  density 

D  •  detonation  velocity 
Pc  -  detonation  pressure 
Ec  -  chemical  energy 
K.E  -  maximum  kinetic  energy 


is  the  same  as  the  value  obtained  for  Composition  B  and 
is  higher  than  the  value  of  25.4  GPa  obtained  for  CX-84A. 
The  kinetic  energy  appears  to  be  lower  than  that  of 
Composition  B;  Composition  B  having  a  kinetic  energy  of 
1230  J/g  compared  to  1114  J/g  for  the  ferm'dation  with 
84%  HMX,  but  higher  than  that  of  CX-84A  (1076  J/g). 
However,  further  experiments,  such  as  the  Cylinder  Test, 
are  needed  in  order  to  evaluate  the  performance  of  these 
explosives  more  precisely. 

The  shock  initiation  sensitivity  was  evaluated  with  the 
DREV  Gap  Test  for  two  formulations  with  84%  loading. 
One  of  these  formulations  had  an  HMX  Class  E /Class  C 
ratio  of  30/70  and  the  other  had  a  ratio  of  20/80.  These 
values  are  compared  to  those  for  Composition  B  and  CX- 
84A  (Ref  1)  in  Table  6.  The  bamer  thickness  of  1.16  cm 
for  the  shock  sensitivity  of  CX-84A  is  higher  than  the 
value  for  the  final  formulation.  Improvements  were  made 
in  the  formulation  to  reduce  the  shock  sensitivity;  however, 
the  sensitivity  was  evaluated  with  the  Calibrated  Shock 
Wave  Test  (Ref  6).  There  is  a  significant  improvement  in 
the  shock  sensitivity  of  these  formulations.  The  bamer 
thickness  for  formulations  with  84  and  85%  HMX  loading 
were  0.79  and  0.73  cm  respectively,  compared  to  1.14  and 


1.16  cm  for  Composilion  B  and  CX-84A  respectively.  A 
small  difference  can  also  be  noted  as  a  result  of  a  change 
i.i  panicle  size  distribution. 

5.  DISCUSSION 

The  development  of  an  insensitive  explosive  must  be 
considered  not  only  from  the  point  of  view  of  the 
properties  of  the  final  products  but  also  from  a  processing 
'dewpoint  and  for  this  reason  these  characteristics  have 
been  included  in  this  evaluation.  Since  this  is  a 
preliminary  evaluation  of  this  system  of  explosives,  the 
initial  objective  was  to  determine  the  formulation  limits 
with  respect  to  processing  and  the  resulting  sensitivity  and 
performance  characteristics. 

Since  these  formulations  are  intended  for  cast-cured  PBXs, 
the  viscosity  of  the  mixture  is  a  very  important 
consideration  in  their  processing.  The  panicle  size 
distribution  did  not  have  a  great  effect  on  the  viscosity  of 
the  mixture  ror  84%  HMX  loading.  Viscosity 
measurements  of  2.6  kT  for  a  HMX  Class  TH/Class  V  ratio 
of  80/20  and  1.6  k?  for  a  HMX  Class  Ili/Class  V  ratio  of 
70/30  were  determined.  A  greater  effect  is  observed  for 
formulations  with  85%  solid  loading  smee  the  viscosity  is 


Table  6:  Shock  Initiation  Sensitivity 


Explosi'e 

Gap  Thickness  (cm) 

Formulation  1 

0.79 

Formulation  2 

0.73 

CX-84A 

1.16 

Composition  B 

1.14 

already  Higher  and  therefore  the  particle  distribution  has  a 
grealer  effect  on  the  viscosity. 

The  pm  life  of  137  min  for  the  formulation  wi'b  a  higher 
solid  loading  represents  a  value  significantly  lower  than 
that  for  formulations  wiLh  84%  HMX  loading.  This  value 
is  almost  half  of  that  for  formulations  with  84%  loading; 
however,  either  value  in  this  range  is  considered 
acceptable.  All  die  values  for  the  hardness  fall  within  a 
small  range,  68  to  63  Shore  A,  and  therefore  this  need  not 
he  considered  when  finalising  the  formulation.  Therefore, 
the  processing  of  formulations  having  parameters  within 
this  range  of  values  is  possible;  the  only  restriction  might 
be  on  the  panicle  distribution  at  8^%  HMX  loading  which 
could  present  a  problem  in  optimizing  the  sensitivity 
characteristics  of  die  explosive  formulations. 

Since  the  mechanical  properties  of  the  explosive  affect 
their  vulnerability,  the  optimization  of  these  properties  is 
an  important  step  and  gives  another  indication  of  the 
limitations  and  effects  of  various  formulation  parameters  on 
the  explosive  properties.  The  effect  of  reducing  the 
percentage  of  fine  particles  in  die  particle  distribution  is  to 
reduce  the  maximum  value  of  the  stress  from  0.62  to  0.53 
MPa,  for  formulations  with  HMX  Class  Ill/Class  V  rams 
of  70/30  and  80/20  respectively,  without  affecting  the 
elongation  significantly.  This  must  be  considered  if  the 
particle  d'  itribution  must  be  modified  to  meet  sensitivity 
requirements  since  further  modifications  to  the  formulation 
would  be  necessary  to  compensate  for  this.  Increasing  the 
solid  loading  results  in  a  decrease  in  the  elongat.on.  from 
26  07  to  20.35%.  for  formulations  with  84  and  85%  HMX 
loading  respectively,  without  affecting  the  value  for  the 
maximum  stress  which  remained  at  0.62  MPa.  Increasing 
the  curing  agent/polymer  ratio  results  in  a  significant 
lecrease  in  the  elongation  of  the  explosive,  from  26.07  to 
z(>.35%,  for  a  10%  increase  in  the  curing  agenl/polymer 
ratio  In  addition  to  tnis,  the  value  for  the  maximum  stress 
increases  from  0.62  to  0.69  MPa  for  the  same  increase  in 
cunng  agent/polymer  ratio,  experience  with  CX-84A  has 
indicated  that  the  elongation  for  Formulations  1  and  2 
should  result  in  explosives  with  a  low  vulnerability  (Ref  6); 
however,  n  will  be  necessary  to  tn<  rease  the  value  for  the 
maximum  stress. 


There  is  a  significant  increase  in  the  detonation  velocity  for 
formulations  loaded  with  84  and  85%  HMX  compared  to 
Composition  B  and  CX-84A.  These  values  have  increased 
from  7900  m/s  for  Composition  B  and  CX  84a  to  8351 
and  8200  m/s  for  formulations  with  85  and  84%  HMX 
loading  respectively. 

An  initial  evaluation  of  the  performance  of  the  explosive 
was  carried  out  with  a  ballistic  capacity  test.  There 
ap;x-ars  to  be  some  improvement  in  the  performance  of  the 
KMX-based  formulation  compared  to  CX-84A,  the  kinetic 
energy  being  11 14  J/g  for  the  HMX-bascd  formulation  and 
1076  J/g  for  CX  -84A,  but  this  must  be  further  evaluated 
with  a  more  precise  test.  The  detonation  pressure 
determined  in  this  evaluation  was  the  same  as  that  for 
Composition  B.  27.9  GPa,  which  is  higher  than  the  value 
of  25.4  GPa  determined  for  CX-8  -A.  It  is  also  necessary 
to  evaluate  a  formulation  with  859  HMX  loading  in  order 
to  determine  if  the  increase  in  loading  will  result  in  a 
significant  increase  in  performance.  This,  along  with  the 
processing  and  sensitivity  data,  nuts’  be  considered  when 
finalizing  the  formulation. 

The  particle  distribution  does  affect  the  shock  initiation 
sensitive n  of  the  explosive  as  can  be  seen  i._m  the 
increase  in  barrier  thickness  from  0.73  to  0,79  cm  for 
formulations  with  HMX  Class  111/Class  V  ratios  of  80/20 
and  70/30  respectively.  This  must  be  investigated  further 
and  the  effect  of  an  increase  in  solid  loading  must  also  be 
evaluated. 

6.  CONCLUSIONS 

Further  work  must  be  carried  out  to  evaluate  the  shoot 
sensitivity  and  performance  of  these  formulations  more 
precisely,  in  particular,  formulations  with  85%  loading 
must  be  evaluated  to  determine  the  effect  of  the  increase  in 
solid  loading  on  the  shock  initiation  sensitivity  and  the 
performance.  More  precise  evaluations  must  be  conducted 
with  the  Standard  Cylinder  Test  and  the  Calibrated  Shock 
Wave  Test  in  order  to  optimize  the  formulations  with 
respect  to  processing,  shock  sensitivity,  performance  and 
finally  the  vulneraoility  of  the  explosive. 
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Discussion 

QUESTION  BY  LENBERGER.  FRANCE:  Have  you  utilized  rubber  plates 
so  as  not  to  deteriorate  the  test  facility? 

ANSWER:  We  have  never  used  rubber  plates  at  the  DREV.  Soft  steel 
plates  permanently  protect  the  concrete  walls  and  we  have  used 
wood  for  additional  protection. 
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Claude  I.  Merrill,  Propellant  Development  Section,  OL-AC 
Phillips  Laboratory,  Edwards  AFB,  California  93523-5000  USA 
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ABSTRACT 

Since  the  Pershing  booster  motor  incident 
occurred  in  1985,  much  has  been  learned 
about  how  to  test  for  electrostatic  discharge 
(ESD)  characteristics  and  what  factors 
influence  ESD  initiation  sensitivity  for  solid 
propellants.  Small  propellant  samples  have 
shown  enhanced  ESD  sensitivity  when  placed 
under  pressure.  Since  changes  in  bulk  solid 
propellant  ESD  traits  under  the  influence  of 
elevated  pressures  were  not  found  in  our 
literature  surveys,  equipment  was  fabricated 
so  that  pressure  effects  on  ESD  behavior  of  a 
hydroxy  terminated  polybutadiene  (HTPB) 
propellant  could  be  observed.  In  addition,  a 
limited  additive  study  was  conducted  to  see  if 
large  ion  salts  could  reduce  the  ESD  initiation 
sensitivity  of  a  sensitive  HTPB  propellant. 


L  BACKGROUND 

ESD  initiation  is  a  significant  hazard  with 
some  hydrocarbon  binder  solid  propellants 
filled  by  ammonium  perchlorate  (AP)  and 
aluminum  (Al),  especially,  hydroxy 
terminated  polybutadiene  (HTPB)  propellants. 
This  hazard  was  dramatically  brought  to 
United  States  (US)  attention  with  the  case 
bursting  "Pershing"  incident  in  Germany.  The 
violent  event  involved  a  HTPB  propellant 
installed  in  an  electrically  nonconducting 
motor  case.  Some  questions  asked  following 
the  incident  were:  Why  didn’t  the  ESD  tests 
that  were  used  indicate  the  degree  of  hazard? 
How  could  we  adequately  test  to  see  if  ESD 
initiation  was  a  significant  hazard?  Were 
other  propellant  types  ESD  sensitive?  What 
were  ways  to  diminish  or  remove  propellant 
ESD  hazards? 

Our  laboratory  (Now  a  part  of  the  Phillips 
Laboratory  and  formerly  named  the  Air  Force 
Rocket  Propulsion  Laboratory  and  the 


Astronautics  Laboratory)  was  one  of  several 
laboratories  that  initiated  solid  propellant  ESD 
studies.  Goals  were  to  find  adequate  test 
methods  for  observing  ESD  sensitivity,  to 
rank  ESD  sensitivities  of  various  solid 
propellants,  to  discover  what  variables 
influenced  ESD  behavior,  and  to  determine 
procedures  for  reducing  ESD  risks.  These 
studies  are  continuing. 

The  US  ESD  test  at  the  time  of  the  Pershing 
incident  had  been  adapted  from  procedures 
used  with  pyrotechnic  and  ammunition  primer 
materials.  Solid  propellant  sample  sizes  were 
not  specified  on  the  basis  of  their  suitability 
for  exhibiting  ESD  sensitivity.  In  our 
laboratory  this  was  interpreted  to  mean  that 
very  small  sample  sizes  could  be  used. 
Samples  that  we  tested  at  that  time  were  about 
12.7  mm  (millimeter)  in  diameter  with 
thicknesses  about  0.6  to  0.8  mm.  Our  criteria 
for  a  failure  was  the  appearance  of  smoke 
and/or  fire.  Since  smoke  or  fire  never 
appeared  in  our  solid  propellant  testing  with 
the  small  disc  samples,  lack  of  ESD  risk  was 
assumed. 

A  much  better  ESD  test  was  what  we  call  the 
"French  test"  (Ref.  1).  French  investigators  at 
SNPE  (Societe  Nationale  des  Poudres  et 
Explosifs,  Kent  and  Rat)  employed  large 
samples  that  provided  smoke  and  fire  indi¬ 
cations  of  solid  propellant  ESD  sensitivities. 
Their  samples  were  90  mm  diameter  by  100 
mm  length  cylinders.  These  samples  were 
roughly  7000  times  larger  than  those 
employed  in  our  initial  ESD  test  method. 

Our  laboratory  adopted  the  French  test  and 
found  after  some  experimentation  that 
indications  of  bulk  solid  propellant  ESD 
sensitivity  could  be  obtained  with  more 
sensitive  propellants  using  cylindrical  samples 
as  small  as  19  mm  diameter  by  38  mm  length 
(Ref.  2).  These  samples  were  less  than  one 


fiftieth  the  mass  of  the  original  French 
propellant  sample.  See  Figure  1  for  ESD 
sample  size  comparisons.  This  smaller 
propellant  sample  size  was  adopted  for  use  at 
our  laboratory  because  our  small  experimental 
mix  capacity  made  fabrication  of  an  adequate 
number  of  ESD  propellant  samples  using  the 
larger  sample  size  difficult.  The  primary 
difference  in  test  performance  was  that  the 
larger  cylindrical  samples  burned  to 
completion  much  more  frequently  than  the 
smaller  samples.  A  brief  bright  burst  of  flame 
from  one  or  more  locations  with  the  formation 
of  cracks  was  the  typical  positive  response  of 
the  smaller  samples  when  they  reacted  to 
electric  charging  at  ambient  pressures.  Phil 
Gibson  at  our  laboratory  also  showed  that 
cylindrical  propellant  samples  9.5  mm  diame¬ 
ter  by  25  mm  in  length  were  too  small  to 
produce  smoke  and/or  fire  indications  under 
conditions  similar  to  those  that  gave  positive 
responses  with  the  19  mm  diameter  by  38  mm 
length  cylinders  (Ref.  2).  Thus,  the  problem 
with  the  earlier  US  ESD  test  was  that  thin  disc 
propellant  samples  at  normal  ambient 
pressures  were  too  small  to  give  smoke  and/or 
fire  indications.  Later  we  came  to  the  conclu¬ 
sion  that  abrupt  passage  of  current  (electric 
breakdown)  through  a  propellant  sample 
always  provides  the  possibility  of  ignition. 
Electric  breakdown  became  our  minimum 
measure  of  a  positive  ESD  response.  Electric 
breakdown  had  often  occurred  in  the  earliest 
ESD  tests  without  smoke  but  with  very  minor 
material  ablation  noted  in  some  instances.  It 
is  difficult  to  specify  how  sensitive  a 
propellant  will  have  to  be  before  it  becomes 
an  appreciable  ESD  accident  risk.  However, 
laboratory  ESD  solid  propellant  tests  have 
been  only  crudely  related  to  rocket  motor 
hazards  by  determining  if  a  propellant  under 
test  is  more  or  less  ESD  sensitive  than  a 
propellant  involved  in  a  prior  accident. 

Investigation  into  changes  in  threshold  initia¬ 
tion  or  breakdown  voltages  of  bulk  HTPB 
propellant  as  a  function  of  applied  pressure 
seemed  a  desirable  area  to  explore.  Bulk 
propellant  ESD  hazards  appeared  to  be  more 
appropriate  for  rocket  motor  hazards  where 
large  pieces  of  propellant  are  installed  rather 
than  for  thin  samples.  In  any  event,  a 
pressurized  bulk  propellant  study  would 
complement  the  work  completed  by  Thiokol 


Corp  with  thin  (0.69  mm  thick)  sheet  samples 
of  a  HTPB  propellant  (Ref.  3).  In  the  Thiokol 
study  0.69  mm  thick  samples  of  a  HTPB 
propellant  were  mechanically  squeezed 
between  metal  plates  while  adjustable  voltage 
charges  from  a  capacitor  circuit  were  applied. 
Pressures  ranged  from  normal  ambient 
pressure  up  to  55  atmospheres  (810  psig). 
Threshold  initiation  voltages  were  recorded 
for  a  number  of  thin  HTPB  propellant  sheets 
over  the  pressure  range  as  shown  in  Figure  2. 
Values  ranged  from  roughly  5000  to  6000 
volts  at  ambient  pressure  down  to  roughly  600 
volts  at  55  atmospheres  (atm).  Thus,  the  main 
interest  in  the  bulk  HTPB  propellant  study 
was  to  see  if  large  samples  would  exhibit  an 
order  of  magnitude  decrease  in  threshold 
initiation  voltages  over  a  similar  pressure 
range  as  did  the  thin  solid  propellant  samples. 

2.  EQUIPMENT  DESCRIPTION 

Several  features  were  desired  in  designing 
pressure  application  equipment  for  conducting 
ESD  studies  on  a  HTPB  propellant.  (1)  A 
robust  system  that  could  be  reused  fairly 
frequently  without  equipment  failures.  (2)  A 
test  system  that  minimized  pans  replacements 
and  refurbishment  efforts  during  a  number  of 
test  trials.  (3)  A  system  that  could  completely 
contain  a  violent  sample  explosion  if  it 
occurred.  In  this  case  the  subscale  bulk 
propellant  ESD  test  sample  was  desirable 
because  it  was  small  enough  to  be  contained 
in  a  modest  sized  chamber  if  explosive 
behavior  was  exhibited.  (4)  Capabilities  to  at 
least  40  KV  and  68  atm  (1000  psia)  pressure. 
(5)  Use  of  nitrogen  gas  pressure  rather  than 
mechanical  pressure. 

Figure  3  shows  a  cross  sectional  view  of 
the  ESD  test  chamber  that  resulted  from  the 
considerations  above.  Descriptions  of  the 
chamber  parts  are  given  below. 

The  cylindrical  chamber  was  constructed 
from  3140  alloy  steel.  Internal  dimensions 
with  end  plates  installed  were  178  mm 
internal  diameter  (ID)  by  424  mm  length. 

This  was  a  volume  of  about  10.5  liters. 
Chamber  walls  were  about  15  mm  thick.  A 
heavy  electric  conductor  led  from  the 
cylindrical  chamber  to  the  ESD  grounding 
system. 
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End  plates  were  made  from  304  stainless 
steel  alloy.  The  upper  end  plate  was  76  mm 
thick  and  the  lower  end  plate  was  35  mm 
thick.  Segmented  lock  rings  inserted  into 
cylindrical  chamber  grooves  were  used  to 
hold  the  end  plates  in  place.  Double  O- 
rings  were  used  to  avoid  gas  leakage  around 
the  end  plates.  O-rings  were  lubricated  with  a 
thin  film  of  a  heavy  Krytox  oil  (DuPont, 
perfluoropropylene  oxide).  Use  of  hydrocar¬ 
bon  and  silicone  oils  resulted  in  such  a  high 
friction  load  following  propellant  burning  that 
the  upper  end  plate  was  very  difficult  to 
remove.  Perhaps,  the  Krytox  oil  had  a  lower 
capacity  for  dissolving  hydrogen  chloride  gas 
from  propellant  combustion  than  the  other 
lubricants.  The  lower  end  plate  rested  against 
a  hard  aluminum  alloy  ring  grooved  to  a  depth 
that  would  fail  in  shear  allowing  the  lower  end 
plate  to  be  forced  out  of  the  chamber  if 
internal  pressure  exceeded  about  350  atm. 

This  seemed  an  unnecessary  safety  feature  for 
the  ESD  tests  since  test  pressures  did  not 
exceed  69  atm. 

Nylon  electrode  insulators  were  used  to 
encase  6.4  mm  diameter,  304  stainless  steel, 
electrode  rods.  The  insulators  extended 
beyond  the  end  plates  5 1  mm  or  more  to  help 
prevent  sparks  arcing  from  the  electrode  rods 
to  the  end  plates  at  test  voltages  up  to  40  KV. 
Insulator  outer  surfaces  were  tapered  as  they 
passed  through  the  end  plates.  With  internal 
diameters  of  38  mm  and  exiting  diameters  of 
25  mm  the  insulators  were  prevented  from 
being  blown  out  during  testing.  The  inside 
end  of  the  upper  electrode  insulator  was 
preferably  covered  with  two  layers  of  thin 
Teflon  tape  (12.7  mm  width).  Teflon  tape  is 
often  used  as  a  thread  lubricant  in  our 
experimental  equipment.  This  was  found  to 
be  desirable  when  the  upper  insulator  became 
a  short  circuiting  element  due  to  charring 
upon  exposure  to  gaseous  combustion 
products  during  previous  tests  where  samples 
burned  in  the  pressure  chamber.  Ordinarily, 
the  Teflon  tape  was  reinstalled  about  every 
other  ESD  test  under  pressurized  conditions 
that  produced  bulk  sample  combustion.  RTV 
silicone  glue  was  used  to  seal  the  electrode 
insulators  into  the  end  plates.  RTV  adhesive 
was  also  used  to  seal  around  the  electrode 
rods. 


Electrode  configurations  were  relatively 
complicated  as  shown  in  Figure  3.  At  the 
bottom  of  the  chamber  the  lower  electrode 
started  as  a  6.4  mm  diameter  rod  of  304 
stainless  steel  alloy  that  had  an  integral  3mm 
thick  plate  of  12.7  mm  outer  diameter  located 
6.4  mm  from  one  end  of  the  rod.  At  the  other 
end  of  the  rod  a  3.2  mm  diameter  hole  12  mm 
deep  was  drilled.  This  hole  served  to  fit  with 
a  banana  plug  connector  attached  to  the 
ground  wire  that  would  be  attached  during 
ESD  testing.  The  lower  electrode  rod  was 
passed  through  the  bottom  insulator  so  that  the 
integral  plate  remained  inside  the  chamber. 
The  plate  prevented  electrode  blowout. 

Resting  atop  the  inside  end  of  the  lower 
electrode  rod  was  an  electrode  extension  rod 
of  12.7  mm  outer  diameter  containing  a  6.5 
mm  cavity  to  fit  over  the  upper  end  of  the 
lower  rod  and  terminating  in  a  6.4  mm 
diameter  end  for  a  distance  of  6.4  mm.  Placed 
over  the  6.4  mm  end  of  the  extension  rod  was 
a  6.4  mm  thick  plate  of  102  mm  diameter 
made  of  304  stainless  steel  alloy.  A  6.5  mm 
hole  was  drilled  through  the  center  of  the  plate 
to  admit  the  6.4  mm  extension  rod  end.  Tfrese 
loose  connections  had  to  be  polished 
frequently  to  remove  high  resistance  solid 
corrosion  products. 

On  top  of  the  plate  a  graphite  cup  was  set  to 
contain  the  propellant  samples  during  test. 
Graphite’s  electrical  conductivity  allowed  it  to 
form  the  sample  contacting  part  of  the  lower 
electrode  system.  Graphite’s  heat  resistant 
qualities  also  permitted  propellant  samples  to 
bum  without  damage  to  either  the  graphite 
cup  or  the  chamber  walls.  The  graphite  cup 
was  177  mm  outer  diameter  (OD)  by  44  mm 
thick  at  the  perimeter.  A  cavity  was  formed  in 
the  graphite  by  reducing  the  thickness  to  13 
mm  in  the  center  for  a  diameter  of  54  mm. 
Eight  25  mm  half  diameter  channels  were 
machined  vertically  around  the  cup  outer  edge 
for  facile  passage  of  gases  around  the  graphite 
cup. 

The  first  upper  electrode  system  had  a  304 
stainless  steel  alloy,  6.4  mm  diameter  rod 
passing  through  an  upper  electrode  insulator. 
The  upper  rod  through  the  insulator 
terminated  with  an  integral  3  mm  thick  plate 
having  a  US  number  six  threaded  hole  into  the 
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rod  at  the  plate  end  and  a  3.2  mm  diameter 
hole  of  12  mm  depth  drilled  into  the  other  end 
of  the  rod.  The  3.2  mm  hole  had  a  banana 
plug  connector  attached  to  the  high  voltage 
system  inserted  in  it  during  testing.  The 
threaded  hole  allowed  a  US  number  six  screw 
to  hold  a  wire  connector  on  the  electrode  rod 
attached  to  a  short  length  of  flexible, 
multistrand  steel  wire.  As  with  the  lower  rod 
passing  through  the  nylon  insulator,  the  upper 
electrode  rod  was  put  through  the  insulator  so 
that  the  integral  plate  was  inside  the  test 
chamber.  At  the  other  end  of  the  multistrand 
steel  wire,  a  rectangular  steel  plate  (about  25 
mm  by  19  mm  by  1.25  mm  thick)  was 
attached  using  another  wire  connector  and  a 
US  number  six  bolt. 

A  terminal  part  for  the  initial  upper 
electrode  system  was  an  upper  sample  contact 
measuring  25.4  mm  outer  diameter  by  19  mm 
thick.  This  cylinder  was  made  of  304 
stainless  steel  alloy.  The  comer  of  the 
cylindrical  contact  on  the  side  resting  against 
the  propellant  was  rounded  with  a  radius  of 
3mm  to  inhibit  comer  discharges.  A  3.2  mm 
hole  was  put  through  the  center  of  the 
propellant  contact  to  enable  acceptance  of  a 
banana  plug  attached  to  a  magnet  structure  as 
described  below. 

The  remaining  bulk  sample  upper  electrode 
parts  were  a  rectangular  magnet  (about  22  mm 
by  22  mm  by  5  mm  thick)  secured 
horizontally  to  the  bolt  end  of  a  banana  plug 
connecter  hat  was  inserted  into  a  3.2  mm 
diameter  hole  drilled  into  the  center  of  the 
cylindrical  stainless  steel  sample  contact. 

Once  a  propellant  test  sample  and  upper 
electrode  contact  with  magnet  structure  was 
placed  in  the  center  of  the  graphite  cup,  this 
flexible  wire  structure,  steel  plate,  and  magnet 
attached  to  a  stainless  steel  contact  served  as  a 
magnetically  formed  electrical  path  to  the 
samples. 

When  electric  arcing  around  the  sample  was 
suspected  during  ESD  testing  of  0.64  to  0.69 
mm  thick  propellant  samples,  an  adjustable 
rod  upper  electrode  system  was  fabricated  and 
used  in  place  of  the  upper  electrode  system 
described  above  as  shown  in  Figure  4.  With 
this  electrode  the  diameter  of  the  upper 
propellant  contact  was  reduced  to  9.5  mm 


diameter  in  place  of  the  previously  used  25.4 
mm  diameter  contact.  As  before  a  6.4  mm 
diameter  upper  electrode  rod  passed  through 
the  nylon  insulator.  It  was  much  longer  (350 
mm)  than  the  earlier  electrode  rod.  No 
adhesive  was  used  to  seal  the  electrode  rod  in 
its  path  through  the  nylon  insulator.  For 
sealing,  the  new  upper  electrode  rod  was 
passed  through  a  6.4  mm  diameter  Swagelok 
tube  fitting  that  was  threaded  into  the  outlet 
end  of  the  nylon  insulator.  The  Swagelok 
fitting  was  equipped  with  Teflon  ferrules  that 
permitted  the  electrode  rod  to  slide  through 
the  fitting  when  loosened  and  to  be  securely 
sealed  when  tightened.  The  inside  end  of  the 
rod  was  threaded  and  an  internally  threaded 
304  stainless  steel  sleeve  of  9.5  mm  outer 
diameter  by  12  mm  length  was  screwed  onto 
the  threaded  end.  The  9.5  mm  sleeve 
prevented  electrode  blowout  during 
pressurized  operations.  In  addition,  the  9.5 
mm  diameter  sleeve  and  rod  end  was  the 
electrode  pan  contacting  propellant  samples 
during  subsequent  tests.  As  before,  the 
opposite  end  of  the  electrode  rod  contained  a 
3.2  mm  diameter  hole  12  mm  deep  so  that  it 
could  accept  a  banana  plug  attached  to  the 
electric  system  hot  line.  This  second  upper 
electrode  system  was  placed  in  the  retracted 
position  when  the  upper  end  plate  was  being 
moved.  Prior  to  testing  the  upper  end  plate 
was  installed,  the  Swagelok  fitting  was 
loosened,  the  rod  depressed  until  contact  was 
made  with  the  propellant  sample,  and  the 
Swagelok  fitting  tightened.  After  the  hot  line 
banana  plug  was  inserted  into  the  outside  end 
of  the  electrode  rod,  the  system  was  ready  for 
electric  charge  experimentation.  This  upper 
electrode  system  was  an  improvement  since  it 
contained  fewer  parts  and  intervening 
connections  did  not  corrode.  Another 
difference  with  the  new  electrode  system  was 
that  threshold  breakdown  voltages  seemed  to 
be  approximately  half  that  with  the  other 
upper  electrode  system.  No  sketch  of  the  new 
upper  electrode  system  is  provided. 

As  can  be  seen  in  Figure  3,  a  gaseous 
nitrogen  feed  line  and  an  exhaust  line  were 
connected  to  the  test  chamber  through  the 
lower  end  plate.  The  operation  of  these  lines 
were  controlled  by  remote  control  valves 
placed  in  the  lines.  A  pressure  sensor  was 
connected  into  the  nitrogen  inlet  line  between 
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the  nitrogen  feed  control  valve  and  the 
chamber.  A  0.7  mm  wall  25  mm  outer 
diameter  stainless  steel  tube  about  125  mm 
long  was  held  by  a  fitting  to  the  chamber 
outlet  hole  through  the  lower  end  plate.  A 
stainless  steel  wire  mesh  screen  was  inserted 
into  the  25  mm  tube  next  to  the  chamber 
outlet  port.  Glass  wool  was  stuffed  into  the 
25  mm  tube  atop  the  wire  mesh  to  help  filter 
out  aluminum  oxide  particles  carried  by  gases 
exhausting  from  the  chamber  following 
operation  nf  the  chamber  where  a  propellant 
sample  burned.  The  glass  wool  filter  system 
was  added  when  it  was  found  that  aluminum 
oxide  panicles  seriously  shortened  the  service 
life  of  the  remote  control  exhaust  valve. 


3.  DISCUSSION 

During  ESD  testing,  a  HTPB  propellant 
sample  was  placed  standing  at  the  center  of 
the  graphite  cup,  the  upper  end  plate  was 
installed,  and  contact  made  with  the  upper 
electrode  system  to  the  propellant  test  sample 
either  magnetically  or  by  direct  electrode  rod 
contact  depending  upon  the  upper  electrode 
structure  used.  Test  pressure  was  adjusted  to 
a  predetermined  value,  and,  through  a 
switched  capacitor  operation,  the  sample  was 
pulsed  up  to  10  times  with  a  preset  relatively 
low  voltage.  If  no  sample  breakdown 
occurred,  the  preset  voltage  was  typically 
raised  1000  volts  for  the  bulk  sample  testing 
and  the  pulse  operation  repeated.  Voltage 
steps  for  the  thin  propellant  sheets  were  100 
volts.  Increasing  step  increases  in  imposed 
voltages  were  continued  until  the  oscilloscope 
registered  a  large  voltage  drop  with  a  massive 
current  surge  (electrical  breakdown).  Under 
elevated  pressures  bulk  samples  (38  mm  long) 
always  burned  to  completion.  With  the 
propellant  burning  a  temporary  pressure 
increase  of  about  40  atm  occurred  and  a 
thermocouple  placed  against  the  outside  of  the 
test  chamber  wall  registered  a  short  lived 
temperature  rise  of  20  degrees  Celsius  or 
more.  These  were  all  indications  of  a  positive 
test.  With  thin  samples  and  bulk  samples 
under  one  atm  conditions,  only  physical 
inspection  of  samples  and  voltage  and  current 
changes  indicated  propellant  electric 
breakdown.  The  lowest  voltage  that  would 
provide  an  electrical  breakdown  of  the 


propellant  sample  was  recorded.  Some 
variations  in  threshold  voltages  were 
observed,  and  the  lowest  voltage  recorded  for 
any  number  of  samples  under  the  same 
pressure  and  temperature  conditions  was 
called  the  threshold  initiation  voltage  or 
threshold  breakdown  voltage. 

For  the  purpose  of  readily  observing  the 
effects  of  temperature  and  pressure  upon 
propellant  ESD  characteristics  an  ESD 
sensitive  HTPB  propellant  was  formulated. 
This  was  given  the  name,  ESD-1.  This 
propellant  contained  12%  HTPB  binder,  10% 
each  of  Valley  Metallurgical  H-3  (3  Micron) 
and  Alcan  MDX-65  (6  micron)  spherical 
aluminum,  and  a  bimodal  distribution  of  200 
and  16  micron  ammonium  perchlorate.  This 
was  a  good  propellant  in  most  of  its 
characteristics,  except  that  it  was  more  ESD 
hazardous  than  desired  for  use  in  rocket 
motors.  A  detailed  formulation  is  provided  in 
Table  I.  The  high  ESD  sensitivity  came 
primarily  from  its  small  aluminum  particle 
sizes  (6  and  3  micron),  its  high  aluminum 
content  (20%),  and  its  high  solids  loading 
(88%).  If  less  ESD  sensitive  propellant  were 
desired,  the  formulation  would  use  a  larger 
size  of  spherical  aluminum,  a  lower  aluminum 
content,  and  a  lower  total  solids  content. 

A  large  number  of  test  samples  were  cut 
from  a  block  of  ESD-1  propellant.  These 
were  cylinders  of  24  mm  diameter  with  38 
mm  lengths.  Some  thin  propellant  sheets  of 
0.64  to  0.69  mm  thickness  were  cut  from  the 
cylinderical  samples  to  provide  thin  samples 
for  testing  to  see  if  our  results  would  be 
generally  similar  to  that  obtained  by  the 
Thiokol  Corporation  in  their  HTPB  propellant 
tests.  Since  Thiokol  was  using  a  different 
propellant  formulation  and  held  thin 
propellant  samples  under  mechanical  force 
between  stainless  steel  plates,  comparison  of 
the  results  under  similar  but  gaseous  pressures 
was  desired  (3). 

When  ESD  testing  started  at  the  existing 
ambient  pressure  and  temperatures  found  in 
the  Mojave  Desert  during  June  and  July, 
breakdown  voltages  often  exceeded  30  KV. 
This  was  unexpectedly  high  and  may  have 
been  due  to  the  following  factors:  (1)  The 
ESD  electrical  test  circuitry  had  been  recently 


i  I  0 


replaced  using  new  components  so  that 
voltage  capability  could  be  raised  from  about 
40  KV  to  near  100  KV.  This  included 
removal  of  a  series  resistor  of  1000  ohms  and 
changing  from  a  9.5  mm  diameter  electrode 
sample  contact  to  a  25.4  mm  diameter 
electrode  sample  contact  for  the  hot  electrode. 
(2)  Much  higher  ambient  temperatures  were 
being  experienced,  25  to  42  degrees  Celsius, 
than  during  earlier  fall  and  winter  testing 
which  ranged  from  5  to  20  degrees  Celsius. 
During  one  working  day  ambient  temperatures 
could  often  vary  from  about  25  to  38  degrees 
Celsius.  As  a  result  a  temperature  controlled 
recirculating  air  system  was  connected  to  a 
cardboard  box  installed  around  the  test  cham¬ 
ber.  This  allowed  testing  at  relatively  constant 
temperatures  independent  of  the  outside 
ambient  temperatures.  After  minimal 
experimentation,  test  temperatures  were  main¬ 
tained  near  10  degrees  Celsius  since  it  was 
preferred  to  test  below  30  KV. 

Figure  5  contains  69  atm  (1000  psig)  data 
exhibiting  a  declining  trend  for  threshold 
ESD- 1  bulk  propellant  initiation  voltages  as 
test  temperatures  were  reduced.  Repeat¬ 
ability  of  threshold  breakdown  voltages  were 
highly  variable,  but  average  values  declined 
with  decreases  in  sample  test  temperatures.  A 
series  of  one  atm  trials  showed  a  similar 
declining  trend  for  threshold  initiation 
voltages  as  test  temperatures  were  reduced.  It 
appeared  that  threshold  breakdown  voltages 
were  reduced  from  roughly  27  KV  to  15  KV 
in  going  from  35  to  10  degrees  Celsius, 
respectively. 

ESD- 1  24  mm  tmeter  by  38  mm  long 
propellant  cylinders  were  tested  at  a  variety  of 
pressures.  Minimum  breakdown  voltages  for 
each  sample  were  recorded.  Figure  6  shows  a 
plot  of  this  data.  Some  of  the  data  points  are 
the  same  result  for  two  experiments. 

Although  the  data  show  rough  variation  in 
threshold  breakdown  voltages  at  any  pressure, 
a  broad  band  trend  toward  lower  initiation 
thresholds  with  increasing  pressure  is 
apparent.  In  contrast  to  the  Thiokol  thin 
propellant  sheet  data  where  threshold  voltages 
declined  to  about  one  tenth  of  the  one  atm 
values  under  about  55  atm  conditions  (Ref.  3), 
bulk  propellant  minimum  breakdown  voltages 
seemed  to  diminish  only  to  about  half  the  one 


atm  values.  From  a  safety  standpoint  the 
refreshing  conclusion  is  that  bulk  propellant 
ESD  threshold  propellant  initiation  levels  do 
not  get  overly  sensitive  at  elevated  pressures. 
Even  at  69  atm  the  sensitive  bulk  propellant 
did  not  react  until  the  voltage  was  many  KV. 
This  means  that  as  pressure  is  applied  to  bulk 
propellant  structures  the  ESD  hazard 
thresholds  can  stay  at  relatively  high  voltages. 

Following  the  initial  pressurized  bulk 
propellant  experiments,  thin  sheets  of  ESD- 1 
HTPB  propellant  were  cut  from  test 
cylinders.  Test  samples  were  selected  that  had 
thicknesses  in  the  range  of  0.64  to  0.69  mm. 
During  initial  thin  propellant  sample  testing  at 
one  atm,  electric  breakdowns  at  one  KV  were 
observed.  Examinations  of  the  samples  under 
test  did  not  show  any  bum  spots  or  cracking 
that  would  be  expected  if  an  electrical 
breakdown  of  the  thin  propellant  sheets  took 
place.  Since  the  voltages  seemed  close  to  that 
required  to  jump  around  the  propellant 
sample,  a  new  upper  electrode  rod  structure  as 
described  above  was  fabricated  and  installed. 
With  the  new  9.5  mm  diameter  upper 
electrode  propellant  contact,  rather  than  the 
previously  used  25.4  mm  electrode  contact, 
about  7  mm  of  air  gap  was  added  to  the  path 
needed  for  arcing  around  the  propellant 
sample.  Table  II  exhibits  the  results  of  two 
pressurized  tests  and  two  tests  at  ambient 
pressure.  Electrical  breakdowns  of  the  ESD- 
1  thin  sheets  occurred  at  500  and  700  volts 
under  46  (670  psia)  and  38  (550  psia)  atm 
pressures,  respectively.  For  the  500  volt 
breakdown  only  a  minor  dark  stain  and  a 
small  pit  were  visible  evidence  of  propellant 
breakdown  in  the  pressurized  test.  Complete 
sample  burning  was  obtained  following  the 
700  volt  breakdown.  Tests  at  one  atm  showed 
thin  sheet  propellant  electrical  breakdown 
failure  twice  at  1400  volts.  No  complete 
sample  burning  was  noted.  When  electrical 
breakdown  occurred  in  the  one  atm  tests, 
small  smoky  stains  and  small  black  pits  were 
observed  on  the  thin  propellant  samples  at  the 
points  where  breakdown  took  place.  These 
breakdown  results  were  quite  different  from 
Thiokol’s  results  obtained  with  their  0.69  mm 
sheets  of  HTPB  propellant  (Ref.  3).  First,  the 
1 400  volt  breakdowns  indicated  that  the  ESD- 
1  propellant  was  more  electrostatic  sensitive 
than  the  Thiokol  HTPB  propellant.  Second, 
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the  violence  of  reaction  by  the  thin  ESD-1 
propellant  sheets  under  elevated  gas  pressures 
at  electric  breakdown  was  much  milder  than 
obtained  in  the  Thiokol  study  with  propellant 
samples  squeezed  between  metal  plates. 

When  Thiokol’s  thin  samples  between  plates 
under  mechanical  pressure  had  electrical 
breakdown,  loud  explosive  behavior  was 
usually  observed  (Ref.  3).  This  was  probably 
due  to  combustion  gases  producing  much 
higher  pressures  in  small  regions  around 
breakdown  points  than  could  be  obtained 
under  pneumatic  conditions.  Third,  the  ratio 
between  threshold  initiation  voltages  at  one 
atm  and  roughly  50  atm  pressure  conditions 
was  about  2  to  3  by  the  gas  pressurized  tests 
versus  Thiokol’s  ratio  of  about  ten. 

Squeezing  of  propellant  samples  to  smaller 
thicknesses  would  be  expected  to  further 
decrease  threshold  voltages  under  pressure 
between  metal  plates.  Thus,  the  Thiokol  data 
would  be  expected  to  have  larger  threshold 
voltage  ratios  because  of  the  thinning  effect 
mechanical  pressure  would  have  on  the 
propellant  samples.  The  similarity  between 
the  ratios  of  threshold  breakdown  voltages  at 
one  atm  to  gas  pressurized  conditions,  roughly 
2  to  3,  for  both  thin  and  bulk  propellant 
samples  seems  logical  if  no  perturbing  factor, 
such  as  sample  thinning,  is  added. 

Thin  propellant  samples  exhibited  a  lower 
tendency  to  sustain  burning  once  electrical 
breakdown  occurred  than  the  bulk  propellant 
samples.  This  might  be  caused  by  increased 
opportunity  for  heat  losses  in  electnc 
breakdown  zones.  Thus,  it  seems  logical  to 
assume  that  sustained  burning  might  always 
result  from  electnc  breakdowns  once 
propellant  masses  became  large  enough. 

Rocket  motors  without  electrically  conductive 
motor  cases  or  extenor  coatings  could  have 
small  zones  that  would  be  more  ESD  sensitive 
than  the  remainder  of  the  motor  structures. 
These  special  ESD  sensitive  sites  would 
probably  contain  tapered  thin  propellant  grain 
protrusions  and  confinement  provided  by 
adhesively  bonded  surfaces.  Two  examples  of 
ESD  sensitized  areas  are  shown  in  Figure  7. 
Propellant  grain  ends  terminated  with  feathery 
tapered  thin  propellant  projections  overlaid  by 
bonded  insulation  or  flame  inhibiting  rubber 
would  be  probable  ESD  most  vulnerable 


areas.  The  thin  propellant  projection  would 
provide  enhanced  ESD  susceptibility  versus 
rounded  comers,  the  bonded  rubber  covering 
would  add  increased  ESD  vulnerability  due  to 
its  capability  to  mechanically  confine  elevated 
gas  pressures  once  chemical  reaction  was 
started,  and  the  thin  propellant  connection  to 
bulk  propellant  would  help  ensure  that  sus¬ 
tained  burning  would  occur  once  an  ESD 
event  was  initiated.  A  second  sensitive  zone 
could  be  on  the  sides  of  case  bonded  rocket 
motor  grains  where  imperfectly  installed 
insulation  sheets  had  small  width  cracks 
between  them.  Again,  the  enhanced  ESD  risk 
factors  of  thin  propellant  attached  to  bulk 
propellant  and  mechanical  confinement  would 
be  obtained. 

During  production  operations  stray  voltages 
of  1000  volts  are  easy  to  obtain,  but  with  slow 
deliberate  movements  during  material  and 
equipment  transfers  triboelectric  voltages  can 
be  usually  controlled  to  less  than  5000  volts. 
From  this  point  of  view  manufactunng  and 
field  operation  ESD  safety  would  be  greatly 
improved  if  thin  propellant  projections  on 
motor  grains,  sharp  irregular  propellant  edges, 
mechanical  confinement,  and  rapid  frictional 
movements  could  be  avoided  or  minimized. 

If  such  features  could  be  controlled,  ESD 
incidents  would  be  unlikely  except  with  the 
more  ESD  sensitive  propellants. 

Prominent  characteristics  of  HTPB  ESD 
sensitive  propellants  are  high  metallic  fuel 
contents,  high  total  solids  content,  and 
extremely  high  electrical  resistance.  All  ESD 
sensitive  propellants  that  our  laboratory  has 
observed  contained  metallic  fuel,  usually 
powdered  aluminum  metal.  How  would  the 
factors  of  metal  content,  high  solids  loadings, 
and  extreme  electrical  resistance  act  to 
produce  ESD  vulnerabilities?  Metal  fuel 
particles  would  prov  ide  very  high 
temperatures  to  aid  growth  and  sustaining  of 
combustion  processes.  High  metal  contents 
and  smaller  particle  sizes  would  mean  that 
gaps  between  metal  particles  would  be  smaller 
than  otherwise.  Smaller  metal  panicles  would 
also  mean  that  particle  heat  capacities  would 
be  small  so  that  high  particle  temperatures 
could  be  readily  achieved  if  high  temperatures 
were  developed  by  ionization  processes  in 
binder  touching  the  metal  particles.  High 


solid  contents  would  also  reduce  gaps 
between  metal  particles  as  compared  to  lower 
solid  levels.  If  electric  breakdown  paths 
through  a  metallized  propellant  jump  gaps 
through  binder  material  between  conductive 
metal  particles,  the  smaller  gaps  would  take 
lower  voltages  to  traverse  the  accumulated 
gaps  through  the  high  resistance  binder 
materials.  The  extraordinary  high  resistance 
of  the  binder  would  cause  the  cross  section  of 
the  path  through  binder  to  be  very  small. 
Conductive  paths  through  binder  probably 
involves  ionized  material.  Ionizing  processes 
typically  involve  high  temperatures,  that  are 
well  above  the  melting  point  of  aluminum 
oxide  films  that  coat  aluminum  particles. 
Melting  of  aluminum  oxide  films  on 
aluminum  particles  has  been  said  to  be 
necessary  for  efficient  aluminum  combustion. 
Once  a  localized  temperature  was  high  enough 
for  aluminum  burning,  flame  propagation 
without  quenching  would  be  probable. 

If  the  initiation  scenario  above  is  correct, 
reduction  in  the  ESD  sensitivity  of  metallized 
propellants  might  be  accomplished  by 
increasing  the  cross  sectional  area  of  electric 
breakdown  paths  through  binder  material. 

This  would  decrease  electric  breakdown  path 
peak  temperature  and  as  a  result,  the  ability  to 
start  aluminum  burning. 

Increasing  the  electrical  conductivity  of  a 
solid  propellant  would  spread  out  an  electrical 
breakdown  path.  If  mobile  ions  could  be 
introduced  into  the  binder,  electrical 
conductivity  would  be  enhanced.  Since 
HTPB  binders  are  extremely  poor  ionic 
solvents,  special  chemical  structures  would  be 
required.  Large  ion  salts  having  low  melting 
points  would  be  expected  to  be  the  most 
soluble. 

To  test  this  concept  of  ESD  desensitizing  salts 
tetrabutylammonium  tetrabutylboride  was  put 
into  a  KJ-15  propellant  formulation  at  a  0.1% 
concentration.  With  the  exception  that  all  the 
aluminum  was  H-3  (3  micron.  Valley 
Metallurgical)  the  KJ-15  formulation  matches 
that  of  the  ESD-1  HTPB  propellant.  The  salt 
was  selected  because  it  was  the  only  one  at  the 
time  in  our  chemical  supplies  containing  large 
ion  structure.  If  the  boride  salt  was  soluble  to 
an  appreciable  degree,  propellant  conductivity 


would  be  expected  to  decline  and  the  ESD 
vulnerability  would  also  diminish  as 
compared  to  untreated  KJ-15  propellant. 

Resistances  for  7.6  mm  thick  by  76  mm 
diameter  discs  of  both  KJ-15  and  the  boride 
doped  KJ-15  propellants  were  measured  as 
shown  in  Table  HI.  A  value  of  8  times  10  to 
the  13th  power  ohms  was  obtained  with  the 
KJ-15  propellant.  The  salt  doped  analog 
propellant  gave  about  4  times  10  to  the  13th 
power  ohms.  Although  the  propellant  con¬ 
taining  the  tetrabutylammonium 
tetrabutylboride  salt  was  lower  in  electrical 
resistance,  the  change  was  smaller  than 
expected.  This  could  mean  that  either  the  salt 
wasn’t  appreciably  soluble  and/or  that  the 
dissolved  material  didn’t  have  any  appreciable 
free  ion  concentrations. 

ESD  testing  of  the  KJ-15  and  salt  doped 
analog  propellants  in  the  form  of  24  mm 
diameter  by  38  mm  long  cylinders  took  place 
at  ambient  temperatures  of  about  10  degrees 
Celsius  and  one  atm.  Our  ESD  test  equipment 
at  the  time  was  the  model  that  preceded  the 
one  used  for  the  pressure  testing.  The  one 
atm,  minimum  threshold  breakdown  voltage 
for  the  KJ-15  propellant  was  6  KV  as  com¬ 
pared  to  9  KV  for  the  boride  salt  doped 
propellant.  Although  the  increase  in  threshold 
breakdown  voltage  was  only  50%  of  the 
untreated  propellant  value,  it  would  probably 
contribute  substantially  to  ESD  safety.  This 
would  happen  because  higher  voltages  are 
more  difficult  to  obtain  and  the  greater 
propellant  conductivity  would  reduce  the  time 
that  an  elevated  electric  charge  on  the 
propellant  would  take  to  become  dissipated. 

Since  the  upper  electrode  system  had  changed 
from  the  25.4  mm  diameter  propellant  sample 
contact  to  the  9.5  mm  diameter  propellant 
contact,  retesting  of  ESD-1  samples  seemed 
proper  to  see  if  changes  to  the  ESD  electrical 
equipment  had  changed  threshold  breakdown 
voltages.  With  the  new  upper  electrode 
system  minimum  breakdown  voltage  for  two 
ESD- 1  24  mm  diameter  by  38  mm  length 
samples  under  10  degree  C  and  42  atm 
conditions  was  5  and  4  KV.  With  elevated 
pressures  the  ESD-1  propellant  samples 
burned  to  completion.  At  ambient  pressure 
two  ESD-1  samples  had  electric  breakdowns 
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at  1 1  and  12  KV  with  cracked  samples  being 
recovered.  These  results  were  greatly 
different  from  those  obtained  earlier  with  the 
larger  25.4  mm  diameter  upper  electrode 
contact.  That  is,  12  to  15  KV  under  40  to  60 
atm  pressure  and  10  C  conditions  and  18  to  22 
KV  at  ambient  pressure.  There  was  no  clear 
explanation  on  why  the  two  to  three  fold 
reduction  in  threshold  breakdown  voltages 
would  be  caused  by  an  electrode  change. 

Thus,  propellant  testing  after  the  upper 
electrode  change  should  be  referenced  to  the 
ESD- 1  propellant  threshold  voltage  values 
obtained  with  the  same  i  *ctrode  system. 

For  added  soluble  salt  testing 
hexadecyltnbutylphosphonium  bromide  was 
purchased.  This  salt  seemed  desirable 
because  its  melting  point  was  low,  57  C,  and 
its  structure  contained  an  even  larger  ion  than 
the  boride  salt.  An  analog  to  the  ESD- 1 
propellant  was  made  by  substituting  0.1%  of 
the  phosphonium  salt  for  0. 1  %  of  the  HTPB 
prepolvmer  in  the  propellant  formulation. 

This  was  tested  in  24  mm  diameter  by  38  mm 
length  cylinders  at  10  C  using  the  9.5  mm 
diameter  upper  electrode  contact  as  shown  in 
Table  III.  Two  cylindrical  samples  of  the 
ESD- 1  analog  propellant  containing  the 
hexadecyltributvl  phosphonium  bromide  gave 
one  atm  and  10  C  breakdown  voltages  of  26 
and  28  KV.  Inspection  of  the  analog 
propellant  samples  following  the  test  showed 
no  damage  for  the  26  KV  breakdown, 
indicating  electric  arcing  around  the  sample; 
and  the  28  KV  sample  exhibited  large  cracks 
and  a  few  missing  surface  fragments.  Since 
the  improvement  in  minimum  breakdown 
voltage  was  about  twice  that  obtained  for  the 
ESD- 1  control  samples,  these  results  indicated 
even  better  ESD  desensitizauon  than  by  the 
earlier  tetrabutylammonium  tetrabutylboride 
salt. 

When  the  hexadecyltributylphosphonium 
bromide  propellant  was  tested  at  10  C  and  42 
atm  of  gaseous  nitrogen  pressure,  a  surprising 
results  were  obtained.  There  were  threshold 
electric  breakdowns  at  5  and  6  KV.  This  was 
essentially  the  same  as  for  ESD-1  propellant 
control  samples  tested  at  the  same  conditions. 
Thus,  the  ESD  protective  properties  of  the 
phosphonium  salt  seemed  essentially  to 
disappear  with  40  atm  conditions.  No 


explanations  for  this  behavior  have  been 
formulated. 

4  SUMMARY 

Interesting  characteristics  appeared  during 
examination  of  aluminized  HTPB  propellant 
reactions  to  high  voltage  exposures  as 
pressures  were  varied  from  one  atm  to  69  atm 
(1015  psia).  Propellant  ESD  vulnerability  was 
considerably  reduced  at  one  atm  pressure  as 
compared  to  pressures  above  30  atm.  Thin 
HTPB  propellant  (0.64  to  0.69  mm)  was 
found  to  react  at  minimum  breakdown 
voltages  about  one  third  or  less  of  minimum 
breakdown  voltages  for  bulk  HTPB  propellant 
(38  mm)  at  one  atm  pressure.  This  ratio 
decreased  dramatically  at  42  atm  pressure 
where  the  thin  propellant  threshold  breakdown 
voltage  was  roughly  one  eighth  that  for  the 
bulk  propellant.  While  the  bulk  HTPB 
propellant  threshold  breakdown  voltage 
decreased  in  going  from  one  atm  to  68  atm, 
the  change  was  only  to  about  half  to  one  third 
of  the  one  atm  voltage.  A  similar  propellant 
threshold  breakdown  voltage  ratio  was 
obtained  with  thin  HTPB  propellant  under 
gaseous  nitrogen  pressures.  This  minimum 
breakdown  voltage  ratio  for  thin  HTPB 
propellant  for  one  atm  and  30  to  60  ami 
pressures,  is  less  than  for  similar  Thiokol  data 
where  thinning  of  the  propellant  samples 
under  mechanical  rather  than  pneumatic 
pressure  can  be  used  to  explain  why  the 
Thiokol  tests  showed  greater  sensitivity  at 
elevated  pressures  (Ref.  3).  This  indicates  that 
bulk  propellant,  such  as  in  motors,  can  be 
relatively  safe  to  ESD  conditions  since  many 
KVs  can  be  required  for  ESD  initiation  with 
reasonable  propellant  formulations.  However, 
bulk  propellant  would  be  substantially  less 
ESD  safe  if  connected  to  thin  propellant 
projections  in  motors.  Even  sharp  comers  on 
propellant  probably  have  some  considerable 
measure  of  thin  propellant  ESD 
characteristics. 

Comparisons  between  mechanically  confined 
between  metal  plates  and  gas  pressure 
environments  for  thin  HTPB  propellants 
exhibited  much  more  violent  reactions  for  the 
case  of  mechanical  confinement.  This  is 
likely  due  to  the  much  greater  local  pressures 
around  internal  breakdown  zones  because  of 
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the  rigidity  of  the  confining  structures. 

In  motors  the  most  ESD  vulnerable  sites 
would  contain  confinement  and  thin  propel¬ 
lant  attached  to  bulk  propellant.  In  these 
situations  confinement  ESD  sensitization  and 
thin  propellant  ESD  sensitization  would  be 
combined  with  the  flame  sustainability  of  the 
bulk  propellant.  To  minimize  motor  ESD 
vulnerability  with  any  given  propellant,  thin 
propellant  projections  and  sharp  propellant 
grain  comers  should  be  avoided.  Since  flame 
inhibitor  coatings  on  the  ends  of  propellant 
grains  would  add  ESD  sensitization  through 
their  confining  qualities,  these  also  should  be 
avoided,  if  possible. 

Perhaps,  the  most  powerful  method  of 
reducing  propellant  ESD  sensitivity  would  be 
through  careful  selection  of  components  going 
into  the  propellant  formulation.  If  thrust 
performance  could  be  slightly  compromised, 
HTPB  total  solids  could  be  reduced  below  88 
percent  and  the  aluminum  content  could  be 
reduced  below  20%.  The  characteristics  of 
the  aluminum  par  deles  should  also  be  taken 
into  consideration.  Spherical  aluminum  is 
safest  for  ESD  conditions  and  the  particle 
sizes  should  be  larger  than  that  used  in  our 
ESD-1  propellant  (3  and  6  micron). 

Introduction  of  large  ion  salts  has  been 
demonstrated  to  have  beneficial  effects  upon 
HTPB  propellant  ESD  vulnerability  at  one 
atm  but  not  at  40  atm.  Since  only  about  0.1% 
of  the  ionic  materials  are  needed  for 
substantial  ESD  sensitivity  improvements, 
these  materials  are  a  viable  way  of  attaining  a 
measure  of  propellant  and  motor  ESD 
resistance. 

Since  it  is  very  easy  to  generate  1000  volts  or 
more  electric  charge  during  moving 
operations,  propellants  and  motors  should 
have  threshold  breakdown  voltages  much 
greater  than  1000  volts.  If  a  propellant  had  a 
minimum  breakdown  voltage  greater  than 
10,000  volts  under  low  temperature  and 
confinement  conditions  that  might  be  encoun¬ 
tered,  it  would  probably  be  ESD  safe  in 
careful  (deliberately  slow)  moving  operations. 
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FIGURE  1.  ESD  PROPELLANT  TEST  SAMPLE 
SIZES 


FIGURE  2.  MINIMUM  BREAKDOWN  VOLTAGE 
VERSUS  PRESSURE,  0 . 7  MM  HTPB 


;1 — 


SEGMlN’l  D  l-JCK  MING  - 
OfUNG  — "~ 

JPPtH  r.NOKATf-"" 

cnouNDwinp -  — - 

.IPPtH  CONUC' - —  • 

CHAMQCfl  CASL  - . - 


1  .  \  -y  MV  mot  fit  cm 

I  '  I  •  NYLON iNSUl 


ElJCTPOOf 

ILAlUR 


5TTEL  WIPE 
SHfc'-  PLATE 
MAGNfc  I 
jAMPLfc 

GRAPHITE  CUP 


SS  EXTENSION 
F  4.  TEPI  OUTLET 


GAAPwrTE 

ELfcCTHOOE 

CUP 


'.OWf  n  f  NO  »*.•.<  E 
>  HINT,  —  .  _  _ 

'■-•FaK  H.A  f*‘  .  ~V 

SKiMENM.0  LOCH  — 
“INC 

^RtSSLPfc  SENSOR- 
*C  iNL£ r  - _ _ 


NYLON  KSULATOR 
GROUND  ELfCTHQOC 

outlet 


IGl'RE  3.  PRESSURIZED  ESD  TEST 
CHAMBER 


HOT  ELECTRODE 
SWAGELOK  FITTING 


NYLON  INSULATOR 


9.S  MM  CONTACT 

PftOPtLLANT 

SAMPLE 

GRAPHITE  CUP 
SS  PLATE 
SS  L*  TENS  ON 


FIGURE  4.  ADJUSTABLE  UPPER  ELECTRODE 
SYSTEM 


TABLE  I.  HTPB  ESD  SENSITIVE 
FORMULATION 

lNGnCDT\rT 


H  -iLM.  HTP3  PRE^OLYMFR  0.9G 

DO  A.  D:OC*wL  ADIPATE  2.00 

FLEXZCNE  PH.  N.V-D'PHTNYL  P^rNYLrNFO'AMINE  0.10 

OTQH.  DITF.RT’ARY  BUTYL  hvoroquinonf  O.OC 

TFPAN.  3M  BONDING  AGCNT  0.10 

coi.  cctaoecyl  isocyanate  o  on 

■P91,  'SOPHORONE  DHSOCYANATE  0.74 

AU  3  MICRON.  H-0.  VALLEY  METALLURGICAL  10.00 

AL,  G  MICRON.  MDX-C5.  ALCAN  10.00 

AP.  200  MICRON  AMMONIUM  PERCHLORATE  43.00 

AP.  ’0  MICRON  AMMONIUM  PERCHLORATE  25.00 


TOTAL  100  00 
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TEMPERATURE.  DEGREES  CELSIUS 

FIGURE  5.  MINIMUM  BREAKDOWN  VOLTAGE 
VS  TEMPERATURE,  HTPB  BULK  PROPELLANT 


FIGURE  6.  THRESHOLD  BREAKDOWN  VOLT¬ 
AGE  VS  PRESSURE,  HTPB  BULK  PROPELL.  FIGURE  7.  PROVABLE  gc''  SUV.  H”E 
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FIGURE  8.  SUMMARY,  ESD  TRAITS  UNDER 
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Discussion 


Qi  IESTION  BY  COLE,  CANADA:  Did  they  investigate  various 
concentrations  of  ion  salts  and  attempt  t*>  find  a  optimum  level? 

'XNSWER :  They  did  try  1%  of  ion  salt  but  it  seemed  to  interfere  with 
propellant  cure  since  it  resuited  in  soft  propellant.  However,  this 
propellant  did  seem  to  have  reduced  ESD  sensitiv  ly.  Samples  with 
.01%  of  ion  salt  were  also  produced  but  no*  es‘.ed. 

QUESTION  BY  MAWBEY.  UK:  I  believe  that  SNPE  found  that  multiple 
discharges  would  progressively  degrade  the  material  so  that 
although  ignition  did  not  occur  on  the  first  discharge  later  events 
would  cause  ignition.  Have  you  found  a  similar  behavior? 

ANSWER.  In  our  test  procedure  we  typically  treat  the  propellant 
sample  with  ten  pulses  (voltage  applications)  at  each  voltaye  level 
or  stop  when  elect'ic  breakdown  occurs.  If  no  sample  response 
occurs  with  ten  pulses,  ihe  vo'tage  is  incrementally  raised  until 
propellant  reaction  occurs.  It  is  ery  common  that  no  sample 
response  occurs  on  the  *,rst  pulse,  but  at  some  later  voltage 
application  at  the  same  voltage  level.  That  is  whv  we  conduct 
pulses  at  each  voltage  as  we  proceed  with  the  testing.  If  you  start 
with  a  subsequent  sample  with  an  initial  voltage  15%  above  that 
providing  electric  breakdown  with  an  earlier  sample,  you  get 
predominantly  breakdown  on  the  first  voltage  application,  but  not 
always. 

QUESTION  BY  CQUTUiER.  FRANCE?:  The  present  results  show  a  great 
sensitivity  to  *Qmpyrature.  The  greater  risk  therefore  seems  to  be 
during  manipulations  when  the  weather  is  dry  and  cold.  Have  tests 
with  negative  temperatures  been  done?  Wha;  are  the  results? 

ANSWER:  Since  someone  else  had  determined  lower  temperature 
influence  on  HTPB  propellant  ESD  breakdown,  we  were  only 
interested  in  the  temperature  range  of  interest  with  our 
experiments  and  our  particular  propellant.  It  is  clear  that  if 
temperatures  were  further  reduced  that  threshold  or  minimum 
breakdown  voltages  for  the  HTPB  propellant  would  have  continued  to 
decline.  Sn  far,  we  have  only  completed  a  limited  amount  of  work 
with  the  ESD  characteristics  associated  with  the  large  ion  salt 
additives.  Investigation  of  breakdown  voltages  of  the  large  ion  salt 
added  Dropellants  to  lower  temperatures  at  one  atmosphere  might  be 
interesting. 
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SUMMARY 

Composite  rocket  propellants  traditionally  developed  and 
produced  in  Canada  are  based  primarily  on  ammonium 
perchlorate  (AP)  dispersed  in  a  polybutadiene  (HTPB) 
binder.  Depending  on  the  atmospheric  conditions,  such 
propellants  can  produce  a  significant  amount  of  secondary 
smoke  which  is  undesirable  for  certain  applications.  To 
overcome  this  problem,  the  Defense  Research  Establishment 
Valcartier  (DREV)  has  initiated  the  development  of  a 
minimum  smoke,  low  vulnerability  propellant.  The  new 
propellant  uses  ammonium  nitrate  (AN)  as  the  oxidizer  and 
glycidyl  azide  polymer  (GAP)  as  the  energetic  binder.  The 
efforts  made  and  the  characteristics  of  a  baseline  minimum 
smoke  formulation  are  described.  This  formulation  meets 
minimum  criteria  for  processing  safety,  chemical  stability 
and  mechanical  integrity.  It  falls  short  of  the  performance  of 
an  AP/HTPB  propellant.  Means  of  improving  the 
performance  are  described. 

1.  INTRODUCTION 

All  existing  high-energy  propellants  used  in  solid  rocket 
motors  are  deficient  in  at  least  one  of  two  aspects:  signature 
or  detonability.  Conventional  composite  propellants  using 
ammonium  perchlorate  as  the  oxidizer  are  non-detonable 
under  normal  conditions  but  generate  large  amounts  of 
hydrogen  chloride,  a  corrosive  and  toxic  gas  that  contributes 
to  the  formation  of  secondary  smoke  under  certain  frequent 
atmospheric  conditions.  Furthermore,  current  high-energy 
minimum-smoke  propellants  contain  large  quantities  of 
nitramine  explosive  that  makes  them  detonable  in  tactical 
missile  configurations. 

One  approach  to  resolve  this  dilemma  is  to  develop  a 
composite  formulation  in  which  most  or  all  of  the 
ammonium  perchlorate  is  replaced  by  phase-stabilized 
ammonium  nitrate  (PSAN).  Unfortunately,  ammonium  nitrate 
is  not  as  oxygen-rich  or  as  dense  as  ammonium  perchlorate. 
To  regain  the  lost  energy,  it  is  therefore  necessary  to  replace 
the  inert  binder,  typically  a  urethane  cross-linked 
polybutadienc  in  the  AP  propellant,  by  an  energetic  one.  In 
•'  s  context,  a  binder  based  or.  •  mixture  of  a  glycidyl  azide 
p  ymer  (GAP)  and  one  or  more  commercially  available 
nitroplasticizers  is  receiving  a  great  deal  of  attention,  the 
goal  being  to  produce  a  GAP/TSAN/nitroplasticizcr 
propellant  that  approaches  a  conventional 


polybutadiene/ammonium  perchlorate  propellant  in  terms  of 
structural  integrity,  energy  density,  stability,  sensitivity  and 
burning  rate  flexibility. 

This  paper  discusses  the  progress  made  at  the  Defence 
Research  Establishment,  Valcartier  to  develop  such  a 
propellant.  Specifically,  the  characteristics  of  a  baseline, 
minimum  smoke  formulation,  which  meets  minimum  criteria 
for  processing  safety,  chemical  stability  and  mechanical 
integrity,  are  described.  This  baseline  formulation  falls  short 
of  the  performance  of  an  AP/HTPB  propellant.  Means  of 
improving  the  performance  are  then  described. 

2.  REQUIREMENTS 

2.1  Essential 

The  essential  requirements  for  the  baseline  propellant  were: 

a.  processing  risk  no  greater  than  conventional 
reduced  smoke  composite  propellant.  Quantitatively 
this  means  impact  and  friction  sensitivity  values  for 
the  uncured  formulation  .  as  measured  on  BAM 
testing  apparatuses,  equal  or  greater  than  15  J  and 
30  N  respectively. 

b.  processability,  i.e.  reasonable  end-of-mix  viscosity, 
curing  time  and  the  absence  of  sedimentation 
during  cure. 

c.  chemical  stability:  defined  as  no  more  than  2  ml/g 
of  gas  evolution  when  subjected  to  a  vacuum 
stability  test  (VST)  at  100°C  for  48  hours. 

d.  room  temperature  mechanical  properties  adequate 
to  cast  simple  lest  motors. 

2.1  Desirable 

The  ultimate  goal  is  to  have  a  formulation  with  energy, 
density,  structural  integrity  and  burning  characteristics 
equivalent  or  superior  to  a  reduced  smoke  composite 
propellant.  These  values  can  be  quantified  as  follows: 

a.  a  specific  impulse  value  (Isp)  of  240  seconds. 

b.  a  density  of  at  least  1.6  g/ml. 

c.  structural  integrity:  at  -  54°C,  elongation  at 
maximum  strength  greater  than  25%  and  a 
maximum  strength  at  room  temperature  greater 
than  0.6  MPa. 


1 


i 

1 


3.  PRELIMINARY  STUDIES 

Prior  to  formulating  a  complete  propellant  system,  numerous 
studies  were  conducted  to  assess  various  potential  ingredients 
from  tlte  points  of  view  of  energy,  stability  and  compatibility 
and  sensitivity.  As  well  an  exhaustive  series  of  tests  was 
conducted  to  optimise  the  binder  system  (e.g.  without 
oxidizer). 

3.1  Ingredients 

The  PSAN  was  procured  from  the  Hercules  Aerospace 
Company  of  McGregor,  Texas.  The  polymer  used  was 
commercial  glycidyl  azide  polymer  called  GAP  obtained 
from  Rocketdyne,  Canoga  Park,  California.  The  plasticizers 
tested  were  diethylene  glycol  dinitrate  (DEGDN),  triethylene 
glycol  dinitrate  (TEGDN),  trimethylene  glycol  trinitrate 
(TMETN)  and  butanetriol  trinitrate  (BTTN),  all  were 
obtained  from  Trojan  Corporation  of  Spanish  Fork,  Utah.  A 
50/50  mixture  of  bis-dinilropropyl  acetal  and  bis- 
dinitropropyl  formal  (BDNPA/F)  obtained  from  Aerojet 
Limited  of  Sacramento,  California  was  also  evaluated.  The 
isocyanates  were  N- 100  from  Bayer  Canada  Inc.  in  Montreal, 
Quebec  and  isophorone  diisocyanate  (IPDI)  from  Huels 
Corp.  in  New  York,  New  York.  The  stabilizers  such  as 
diphenylamine  (DPA)  and  methylnicroaniline  (MNA)  w<ere 
procured  from  BDH  Inc.  in  Mondial,  Quebec.  In  some  cases 
di-butyltin  dilaurate  (DBTDL),  from  Aldrich  Chemical, 
Milwaukee,  Wisconsin  was  used  as  a  curing  catalyst. 


3.2  Ballistic  Performances 

The  theoretical  performance  of  several  formulations 
comprising  GAP,  ammonium  nitrate  and  one  energetic 
plasticizer  were  determined.  Using  a  thermochemical  code, 
the  theoretical  specific  impulse  (ISP)  of  each  propellant 
system  was  calculated  as  a  function  of  the  relative  quantity 
of  its  three  components.  In  this  way,  triangular  composition- 
performance  diagrams  were  developed  for  each  propellant 
system  considered,  an  example  of  which  is  shown  in  Fig.l 
for  a  composition  including  TMETN  as  the  plasticizer  and 
some  HMX  (10%)  as  a  secondary  oxidizer.  The  equivalence 
ratio  $  defined  as  the  ratio  of  the  total  number  of 
reducing  valences  to  the  total  number  of  oxidizing  valences 
per  unit  mass  of  propellant.  Results  show  that  if  the  oxidizer 
charge  consist  solely  of  ammonium  nitrate,  specific  impulses 
comparable  to  those  of  a  conventional  AP/HTPB  propellant 
can  only  be  achieved  at  plasticizer/polymer  ratios  of  greater 
than  1/1.  Such  high  values  are  necessary  because  ammonium 
nitrate  (AN)  is  a  relatively  poor  oxidizer.  Such  a  heavily 
plasticised  binder  may  be  advantageous  from  a  processing 
point  of  view,  .  •  the  mechanical  properties  and 
vulnerability  of  the  p  'ant  will  likely  be  adversely 
affected. 

3.3  StabUity/Compatibllity  Studies 

The  method  used  to  evaluate  the  stability/compalibility  of 
ingredients  and  mixtures  was  described  elsewhere  (Ref.  1). 
Testing  is  performed  in  a  modified  mercury-free  vacuum 


AN  +  10%  HMX 


r 


Figure  1 

Composition -Performance  Diagram 


stability  cell  for  48  hours  at  100°C.  Gases  produced  are 
analyzed  using  a  gas  chromatograph. 

Results  were  first  obtained  for  GAP,  plasticizers  and 
mixtures  of  them.  The  BDNPA/F  proved  to  be  the  most 
stable  plasticizer,  the  more  energetic  TMETN  and  BTTN 
unfortunately  being  less  stable.  Further  testing  revealed 
major  incompatibilities  between  AN  and  both  GAP  and 
BDNPA/F  as  illustrated  below. 


Table  1 

Incompatibility  in  GAP/AN/BDNPA/F  Mixtures 


SAMPLE 

GAS  VOLUME 
ml/g 

GAP 

0.2 

AN 

0.1 

BDNPA/F 

0.2 

GAP/BDNPA/F 

0.8 

GAP/ AN 

6.0 

BDNPA/F/ AN 

4.6 

Fortunately,  effective  chemical  stabilizers,  such  as  DPA  and 
MNA,  were  found  to  keep  the  gas  evolution  within 
acceptable  limits,  as  shown  in  Table  2. 

3.4  Sensitivity  Studies 

All  ingredients  were  tested  for  impact  and  friction  sensitivity 
on  BAM  testing  apparatuses  using  standard  methods. 
Autoignition  temperature  were  evaluated  using  a  DREV 
developed  furnace.  Results  revealed  that  the  nitrated  esters 
are  by  far  the  most  sensitive  to  impact,  with  BDNPA/F  being 
the  least  sensitive  of  the  plasticizers. 

Small  propellant  batches  (25  g)  were  prepared  in  a  remotely 
controlled  simple  glass  vial  and  stirrer  arrangement  and 
tested  for  impact,  friction  sensitivity  and  autoignition 
temperature.  Later,  100  g  batches  were  prepared  in  an 
Atlantic  Research  2  CV  Helicone  Mixer  for  further 
evaluation.  As  shown  in  Table  3,  the  sample  of 
GAP/PS  AN /TMETN  uncured  mixture  proved  to  be  very 
sensitive  to  impact  when  compared  with  the  AP/HTPB 
propellant.  It  was  found  that  BDNPA/F  produced  the  least 
sensitive  propellant  paste  in  terms  of  friction  sensitivity. 

3.5  Oxidizer  Studies 

On  the  basis  of  its  availability  and  good  phase  stability, 
nickel  oxide  phase  stabilized  ammonium  nitrate  (PSAN), 
containing  3.5%  NiO,  was  selected  after  a  study  of  available 
materials  and  a  review  of  ICT’s  work  (Ref.  2).  In  the  initial 
propellant  processing  experiments,  the  PSAN  was  not  dry 


Table  2 

Chemical  Stability  of  GAP/N-100/BDNPA/F/AN  Mixtures 


SAMPLE 

GAS 

VOLUME 

ml/g 

GAS  COMPOSITION  (  %  ) 

CO 

co2 

n2 

NjO 

CAP/N-100/BDNPA/F 

0.6 

0 

35 

60 

5 

G  AP/N-  100/BDNPA/F/AN 

9.0 

1 

24 

55 

20 

GAP/N-100/BDNPA/F/AN  +2%  MNA 

0.5 

0 

44 

53 

2 

Table  3 

Sensitivity  of  Uncured  Propellant 


SAMPLE 

IMPACT 

Joules 

FRICTION 

Newtons 

AUTOIGNITION 

TEMPERATURE 

°C 

AP/HTPB 

15-25 

30 

245 

PSAN/GAP/TMETN 

<1.5 

192 

160 

PSAN/GAP/BDNPA/F 

15-25 

>360 

203 

nor  pre-created  prior  to  use,  although  care  was  taken  to 
minimize  exposure  to  moisture  during  manipulation. 
Discrepancies  in  the  results  obtained  suggested  that  control 
of  the  moisture  content  of  PSAN  could  have  a  large 
influence  on  the  curing  of  the  propellant.  A  reliable  method 
for  determining  the  water  content  of  NiO  PSAN  was 
developed  and  experimented  (Ref.  3),  allowing  assessment  of 
different  drying  methods  and  control  of  the  PSAN  water 
content.  The  PSAN,  as  received,  shows  an  average  particle 
size  of  190  pm  and  a  fairly  wide  distribution  as  determined 
using  a  Malvern  Particle  Sizer. 

3.6  Binder  studies 

Various  binder  systems  were  studied  by  evaluating  the 
effects  of  ingredients  variation  (polymers,  curing  agents, 
plasticizers,  catalysts)  on  the  strength  and  strain  capabilities 
of  the  resulting  binder.  The  results  of  the  study  demonstrated 
that  it  was  possible  to  formulate  binders  having  mechanical 
properties  that  approach  the  room -temperature  values  for  the 
current  inert  plasdcized  HTPB  binder,  the  elongation  being 
higher,  800  vs  600-700%  and  the  strength  being  lower,  0.06- 
0. 1  vs  0.2  MPa,  in  the  case  of  plasticized  GAP-based  binders 
cured  with  IPDI.  Unplasticized  GAP  binders  showed  superior 
strength  values  (0.25-0.35  MPa).  Systems  with  a 
polymer/plasticizer  ratio  greater  than  one  are  more  difficult 
to  cure  and  generally  shows  inferior  properties. 

Early  experiments  showed  that,  in  a  propellant,  curing  would 
not  occur  with  IPDI  alone.  So  binders  cured  with  a  mixture 
of  IPDI  and  N-100  were  prepared  and  studied  both  in 
plasticized  and  unplasticized  form.  The  observed  tendency 
was  the  same  for  both  systems;  a  very  sharp  decrease  in  the 
elongation  values,  from  800  to  100%,  as  the  N-100  content 
increased,  while  the  stress  values  did  not  vary  very  much, 
ranging  between  0.05  and  0.06  MPa.  The  use  of  N-100  as 
the  sole  curing  agent  resulted  in  harder,  less  flexible  binders 
than  IPDI-based  binders. 


4.  BASELINE  PROPELLANT 

4.1  Formulation 

A  baseline  formulation  was  established  by  combining  the 
best  ingredients  available  from  the  point  of  view  of 
sensitivity,  stability,  mechanical  properties  and  energy.  Thus 
the  binder  selected  was  based  on  GAP  cured  by  a  mixture  of 
IPDI  and  N-100.  The  system  was  plasticised  with  BDNPA/F, 
in  a  polymer/plasticizer  ratio  of  1/1,  specifically  for  its  low 
sensitivity  and  good  stability.  In  some  cases,  DBTDL  at  very 
low  concentration  was  used  as  a  curing  rate  catalyst.  The 
oxidizer  consisted  of  70%  by  weight  of  PSAN  containing 
3.5%  NiO.  The  formulation  also  included  2%  by  weight  of 
DPA  as  a  chemical  stabilizer. 

4.2  Mechanical  Properties 

The  mechanical  properties  were  determined  usmg  an  lnstron 
apparatus  at  a  crosshead  speed  of  50  mm/min  using  standard 
JANAF  dogbones.  The  results  are  given  in  Table  4,  where 
£  „  and  £  t  are  elongation  values  at  respectively  maximum 
and  rupture  strength,  while  O  m  and  O  ,  are  respectively 
maximum  and  rupture  tensile  strength  values,  E  being  the 
modulus.  The  uncatalysed  system  showed  room  temperature 
properties  that  were  close  to  those  of  an  aluminised 
AP/HTPB  propellant  containing  no  bonding  agents  (Ref.  4). 
The  properties  at  -  40°C  were  not  very  good,  which  is  not 
surprising  in  view  of  the  relatively  poor  glass  transition 
temperature  of  GAP,  thus  elongation  was  very  low  and 
strength  very  high.  Lower  properties  were  obtained  with  the 
catalysed  binder. 

4.3  Processing 

The  baseline  formulation,  when  prepared  in  an  Atlantic 
Research  8  CV  Helicone  Mixer  at  a  batch  size  of  10  kg, 
demonstrated  good  processability  with  end-of-mix  viscosities 
between  4  and  5  kP  and  pot-lives  in  the  3  to  4  hours  range. 
Although  flowability  was  not  as  good  as  a  standard 


Table  4 

Mechanical  Properties 


SAMPLE 

TEMPERATURE 
°  C 

% 

e, 

% 

MPa 

<5, 

MPa 

E 

MPa 

Baseline 

60 

14.1 

17.7 

0.26 

0.23 

3.22 

23 

16.8 

31.9 

0.28 

0.23 

4.13 

-40 

3.9 

7.8 

4.99 

4.1 

267 

Baseline 
(with  cure 
catalyst) 

60 

11.5 

14.3 

0.25 

0.22 

3.34 

23 

13.5 

25.7 

0.26 

0.21 

3.97 

-40 

3.5 

7.6 

5.23 

4.22 

313 

AP/A1/HTPB 
(no  bonding 
agents ) 
from  Ref.  4 

23 

16.5 

0.37 

4.59 

AP/HTPB  propellant,  the  baseline  formulation  was 
nevertheless  castable, 

4.4  Ballistic 

The  baseline  formulation  has  a  theoretical  specific  impulse 
(ISP)  of  222  seconds,  evaluated  using  the  thermochemical 
code.  Burning  rate  measurements  were  performed  in  a  strand 
burner  at  an  initial  propellant  temperature  of  21  °C  and  three 
different  pressure  levels  (6.89,  13.76  and  20.67  MPa). 
Results  were  correlated  using  the  De  Vielle  burning  rate  law. 
For  both  the  catalysed  and  uncatalysed  baseline  propellant 
formulations,  a  burning  rate  of  5.2  mm/s  at  6.89  Mpa  and  an 
exponent  of  0.63  were  measured. 

4.5  Stability 

VST  results  of  actual  propellants  gave  a  value  of  17  ml  of 
gas  produced  per  gram  of  propellant  for  a  formulation 
containing  no  stabilizer  compared  to  3.6  ml/g  for  one 
including  two  percent  by  weight  of  MNA  and  1.6  ml/g  for 
the  baseline  formulation  that  used  DPA. 


5.  DISCUSSION 

5.1  Deficiencies 

The  main  deficiencies  of  the  baseline  formulation  are  a  low 
ISP,  a  strength  of  about  a  third  the  desired  value,  poor 
mechanical  properties  at  low  temperature,  low  burning  rate 
and  high  pressure  exponent.  Castability  would  benefit  from 
an  improvement  in  the  flowability  of  the  propellant. 

5.2  Improvements 

The  goal  was  then  to  improve  the  baseline  formulation  in 
order  to  bring  its  performances  closer  to  the  requirements  set 
forth  at  the  beginning  of  this  project.  To  realise  this 
objective,  the  baseline  formulation  was  used  to  study  the 
effect  of  the  inclusion  of  different  additives  such  as  burning 
rate  catalysts,  bonding  agents,  stabilizers  and  plasticizers  on 
the  mechanical  and  ballistic  properties,  the  stability  and  the 
sensitivity. 

To  improve  the  low  temperature  mechanical  properties,  it  is 
necessary  to  lower  the  glass  transition  temperature  of  the 
binder.  Work  in  progress  at  DREV  has  already  demonstrated 
that  the  replacement  of  a  fraction  of  the  BDNPA/F  by 
TEGDN,  at  the  cost  of  some  energy,  could  provide  improved 
low  temperature  properties  while  maintaining  sensitivity 
within  acceptable  limits.  Inclusion  of  the  more  energetic 
plasticizers  TMETN  or  BTTN  did  not  provide  much 
improvement  in  low  temperature  properties  and  was 
detrimental  to  sensitivity. 

The  work  of  Perreault  and  Duchesne  (Ref.  4)  on  aluminised 
AP/HTPB  propellant  has  demonstrated  the  drastic 
improvement  obtainable  by  the  judicious  use  of  a 
combination  of  bonding  agents  and  it  is  believed  that  the 
identification  of  suitable  bonding  agents  for  the  PSAN/GAP 
system  is  of  primary  importance  for  obtaining  adequate 
mechanical  properties.  Already  work  is  in  progress  and 
suitable  bonding  agents,  improving  the  strength  and  showing 
a  positive  effect  on  the  stability,  have  been  identified. 

The  addition  of  a  catalyst  will  be  necessary  to  control  the 
rate  of  burning  and  lower  the  pressure  exponent.  A  number 


of  potential  candidates  were  screened  and  effective  burning 
rate  modifiers  have  been  identified. 

Small  test  motors  have  been  filled  with  a  modified 
formulation  (i.e.  including  a  ballistic  modifier)  and  were 
successfully  fired.  Such  a  formulation  is  presently  being 
transferred  to  the  industry  for  further  development  work. 

6.  CONCLUDING  REMARKS 

We  have  succeeded  in  formulating  a  baseline  propellant  that 
meets  some  of  the  requirements  but  not  all.  The  new 
propellant  uses  phase  stabilized  ammonium  nitrate  (PS  AN) 
as  the  oxidizer,  glycidyl  azide  polymer  (GAP)  as  the 
energetic  binder,  and  bis-dinitropropyl  acetal/formal 
(BDNPA/F)  as  the  plasticizer.  This  formulation  meets 
minimum  criteria  for  processing  safety,  chemical  stability, 
processability  and  shows  enough  mechanical  integrity  to 
allow  casting  of  simple  propellant  grains.  However,  the 
formulation  falls  short  of  the  performance  of  the  AP/HTPB 
propellant  but  work  is  going  on  to  improve  it. 
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Discussion 


QUESTION  BY  BOGGS.  US:  In  one  of  your  slides  you  showed  that  you 
were  using  phase  stabilized  ammonium  nitrate  (PSAN)  having  3.5% 
NiO.  Currently  some  people  in  the  US  are  being  told  that  they  cannot 
use  PSAN  having  NiO.  Are  there  any  such  restrictions  in  Canada  on 
use  of  NiO  PSAN? 

ANSWER :  At  this  point  is  time,  there  is  no  formal  restriction 
imposed  on  us.  We  are  presently  in  the  process  of  procuring  NiO 
PSAN  for  continuing  our  work  and  the  matter  of  the  carcinogenicity 
of  NiO  was  raised  by  our  own  Supply  Department  upon  reception  of 
the  new  Safety  Data  sheet.  There  is  a  possibility  that  the  people 
responsible  for  environmental  questions  might  have  their  word  to 
say  but  it  seems  likely  that  we  will  be  allowed  to  procure  small 
quantities  for  R&D  purposes.  We  are  aware  of  the  situation  in  the  US 
and  are  looking  foi  potential  candidates  to  replace  NiO  PSAN. 

QUESTION  BY  WHITEHOUSE.  UK.  The  low  level  and  restricted  range  of 
burning  rate  for  AN  propellants  will  pose  problems  for  rocket  motor 
designers.  What  do  you  consider  the  potential  for  improvements  to 
be? 

ANSWER:  The  baseline  formulation  does  not  include  a  burning  rate 
catalyst.  The  modified  formulation  including  a  ballistic  modifier 
shows  a  burning  rate  of  8  mm/s  at  6.89  MPa  and  a  pressure  exponent 
of  around  .5  in  the  pressure  range  of  6.89  -  27.56  MPa  (1000  -  4000 
psi).  The  inclusion  of  finer  particle  size  oxidizer  might  help 
increase  the  burning  rate  even  further. 

QUESTION  BY  MENKE.  FRG:  What  might  be  the  reason  for  the  high 
impact  sensitivity  of  the  PSAN/GaP/TMETN  sample? 

ANSWER:  Our  experience  demonstrates  that  the  TMETN/PSAN 
combination  is  the  source  of  the  problem.  In  fact  it  seems  that  any 
combination  of  AN  (or  AP  for  that  matter)  with  nitrated  esters  will 
result  in  an  increased  impact  sensitivity.  It  is  reproducible. 

QUESTION  BY  MENKE.  FRG.  Which  choices  do  you  use  for  getting  a 
better  performance  of  the  smokeless  AN/GAP  propellant,  if  BDNPF/A 
must  be  replaced  and  sensitivity  should  not  increase? 

ANSWER:  Experience  have  shown  that  up  to  30%  of  the  BDNPF/A  can 
be  replaced  by  TMETN  or  BTTN  while  maintaining  the  impact 
sensitivity  at  the  same  level  observed  for  the  uncured  AP/HTPB 
propellant.  This  of  course,  would  result  in  a  slight  improvement  in 
performance.  Increasing  the  solids  loading  is  another  option.  An  Isp 
of  230  seconds  might  be  reachable  through  careful  optimization  but 
this  is  probably  the  maximum  that  can  be  obtained  without 
jeopardizing  the  low  sensitivity  and/or  low  smokelessness  of  the 
formulation. 
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Summary 

Hi  nee  the  late  1970' s  Royal  Ordnance  Rocket 
M-  t.-rs  Division  has  conducted  Insensitive 
Munitions  trials  on  approximately  500  solid 
;•  rope  1 1  ant  rocket  motors  and  data  from  over  400 
i  ' hese  have  been  included  in  a  recently 
structured  database.  These  trials  preceded  the 
.rrent  standards  of  MIL-STD-2105  and  08  Pr>»c 

and  as  a  result  most  of  these  trials  were 
..•.•-nduuted  on  an  individual  basis  in  order  to 
ur.ierstand  the  basic  reponses  to  a  wide  range  of 
threats.  Although  the  trials  were  not  undertaken 
•is  a  balanced  series  of  experiments  analysis  of 
T.e  data  does  permit  some  useful  observation  and 
■  .tl- ar ;  sens  to  be  made.  In  particular  the  results 
15  inch  bullet  impact  trials  and  fuel  fire 
Fas*  c  -k-.  f f i  tests  are  considered  r ^  be 
a  4'.*rly  relevant  to  the  current  UK.  NATO  and 

'.:A  requirements  and  these  art  discussed  in 
.!  e  t  a  i  1  . 

rr.e  general  .;*  no  1  us  ions  from  these  trials 
•  -pf.asise  the  importance  o f  both  the  propellant 

and  body  structure  in  the  response  to  either 
T*.-  'hs.iical  or  thermal  attack.  The  database  has 
v  c.eJ  *  he  'apabi’ity  of  iesiging  solid 
.:  {#*.1  ant  r-./.’Ket  motors  to  meet  bulled  impact 
v.  :  f.e.  J .t«  requirements 

List  of  Abbreviation# 

A  I  ,»m in  1  om  A  1  icy 
'•I  s*'i  1  let  Impact 

"ase  Bonded 

.lb  'as''  Double  Base 

’V  Carbon  Fibre  Composite 

art  ridge  Loaded 

M  DB  Composite  Modified  Cast  Double  Base 

-M.  :  8  Elastomer  Modified  Cast  Double  Base 

F"C  Fast  Cook-Off 

RTF'B  Hydroxyl  Terminated  Polybutadiene 

1M  Insensitive  Munitions 

KCA  Kevlar  Ove^-wrapped  Aluminium 

M'.  D  Ministry  of  Defence 

F*EE  Proof  and  Experimental  Establish- 

t 

RDX  Nitramine  fused  as  a  propellant 

filler) 

'■  Royal  Ordnance 

RMD  Pocket  Motors  Division 

3  1  ow  Cook  -O  f  f 

>'D  Sympathetic  Detonation 

u.’L  S^eel  Strip  Laminate 

UK  United  Kingdom 


1  Introduction 

As  an  aid  to  developing  ar.  understanding  of  the 
likely  response  of  a  particular  rocket  motor  to 
an  external  stimulus,  such  as  a  bullet  impact  or 
a  fuel  fire,  a  large  number  of  IM  trials  has  been 
undertaken  by  the  Rocket  Motors  Division  of  Royal 
Ordnance.  The  range  facilities  used  for  most  of 
these  trails  were  under  the  control  of  the  UK 
MOD,  with  the  majority  being  conducted  at  P&EE 
Pend Ine . 


Approximately  500  rocket  motors  have  teen 
consumed  in  these  IM  trials  and  data  from  ever 
400  of  these  have  been  compiled  onto  a  recently 
structured  IM  database.  In  these  trials  the 
effects  of  projectile  impact,  detonating  shells, 
sympathetic  detonation,  fuel  fires  and  torch 
flames  have  been  assessed  against  various 
combinations  of  case  structure,  propellant  rypes 
and  grain  conf i gurat ions .  Testing  began  in  the 
late  l9'T0  s  and  continues  to  day  with  trials  t .: 
explore  the  reaction  of  meters  to  the  newly 
defined  requirements  of  M 1 1. -STD-2 1 05  and  0B  Fr:c 
4  2657 . 

Although  ali  of  the  data  contained  on  the 
database  are  of  value  the  trials  were  generally 
cond**^ted  <•■>*'  ~  ■  ir  *:  '»dual  b3s:r  •-  1  were  net 
ur.de*. aken  as  a  balanced  series  of  experiments. 
The  sample  sire  of  some  data  sets  are  at  present 
too  small  to  support  diffinitive  conclusions  ar.d 
in  others  the  trial  configurations  employed 
differ  from  the  current  requirements  of 
MIL-STD-2105  arid  OB  Prcc  42657  and  may  therefore 
be  of  limited  interest.  This  paper  is  thus 
confined  to  giving  an  outline  summary  of  the  IM 
database  with  detailed  analysis  being  restricted 
to  the  results  of  the  167  half  inch  bullet  impact 
tests  and  the  36  fuel  fire  (Fast  cook-off) 
trials . 

Over  half  of  tire  trials  on  the  IM  database  were 
conducted  against  motors  using  steel  strip 
laminate  cases  as  this  system  was  perceived  a*,  an 
early  stage  of  its  development  to  have  the 
ability  to  attenuate  violent  reactions:  for  those 
unfamiliar  with  this  method  of  case  construction 
further  information  is  given  in  Annex  A. 


2  RO  IM  Database 

Since  the  late  1970' s  RO  RMD  has  carried  out  IM 
trials  on  over  500  rocket  motors.  Some  of  this 
work  was  carried  out  under  research  funding,  and 
some  was  project  funded.  In  the  former  the  aims 
were  generally  tc  investigate  the  reactions  of  a 
wi  e  range  of  motor  types  to  a  variety  of 
stimuli,  whereas  in  the  latter  the  interest  was 
more  specific,  usually  tc  comply  with  technical 
requi i ement  s . 

To  aid  with  analysis  and  interpretation  the  data 
from  these  trials  are  now  being  added  to  a 
computer  database.  At  the  same  time  the 
opportunity  has  been  taken  to  re-classify  the 
results  in  line  with  the  current 
MIL-STD-2105  definitions,  ie.  1  Detonation,  2 
Partial  Detonation,  3  Explosion.  4  Deflagration. 

5  Burning  and  6  Propulsion.  To  date  the  results 
of  trials  carried  out  on  over  400  motors  have 
been  compiled.  When  completed  it  is  believed  that 
the  database  will  help  identify  trends,  suggest 
areas  for  further  study,  highlight  gaps  in  the 
data,  and  eliminate  unnecessary  replication  in 
future  trials. 

Many  of  the  IM  trials  conducted  by  RO  RMD  were 
carried  out  before  the  advent  of  MIL-STD-2105  and 
OB  Proc  42657  and  followed  guidelines  developed 
by  RMD.  Projectile  impact  trials  have  been 
carried  out  with  a  variety  of  bullet  types  and 
the  effect  of  blast  and  fragment  impact  has  been 
simulated  by  detonating  105  mm  shells  in  close 


proximity  to  test  motors.  Sympathetic  detonation 
experiments  have  been  conducted  by  placing  a 
detonator  and  explosive  in  the  conduit  of  donor 
motors.  The  effects  of  temperature  have  also  been 
examined  by  repeating  trials  on  hot  and  cold 
conditioned  motors.  Motors  with  and  without 
external  insulation  have  been  subjected  to  fuel 
fires  in  large  and  small  hearths  and  the 
influence  of  rig  design  on  motor  reactions  has 
also  beer,  assessed. 
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Number  of  Motors 


'-.tse  ru  :*t  ion  443 

•■eel  Strip  Laminate  24  3 

157 


Fortunately  the  procedures  used  for  bullet  impact 
and  fuel  fire  (Fast  cook-off)  trials  are  similar 
to  those  required  by  MIL-STD-2104  and  OB  Proc 
42657.  hence  the  considerable  data  gathered  from 
the  0.5  inch  bullet  impact  and  the  fuel  fire 
tests  are  relevant  to  these.  Mere  details  on  the 
results  obtained  from  these  tests  are  given  in 
Sections  3  and  4  respectively. 


3  0.5  Inch  Bullat  Inpact  Trials 

A  total  of  154.  single  shot.  0.5  inch  bullet 
iu.pac*'  trials  (as  OB  Proc  42657)  are  included  ir. 
the  database,  in  addition  information  on  4  trials 
conducted  with  the  simultaneous  sit  Ike  of  two  0.5 
inch  bullets  and  9  using  the  automatic  fire  of 
three  0.5  inch  rounds  (as  MIL-STD  2105)  is  also 
included.  The  data  from  these  trials  are 
summarised  in  Tables  1  to  3 .  Details  of  the  BI 
test  procedure  are  given  in  Annex  B. 

3 . 1  Blngla  0.5  Inch  Bullst 

Trials  have  been  conducted  against  SSL.  Steel. 
KOA.  CF  and  Al  cases.  The  propellants  tested  are 
Cordite.  HTPB .  CMCDB.  CDB  and  EMCDB  the  latter 
two  with  and  without  RDX.  Motors  have  been  tested 
at  conditioned  temperatures  of  -50.  -40.  -30. 

-20.  0  and  ♦ 60°C . 
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In  general  these  trials  were  conducted  to  examine 
the  reactions  of  various  combinations  of 
propellant  and  case  construction.  The  objective 
of  the  trials  being  to  provide  an  indication  of 
the  IM  performance  of  specific  case  types  and 
propellants  together  with  an  assessment  of  the 
effects  of  temperature. 

The  majority  of  motors  used  in  these  trials  were 
taken  from  production  and  development  programmes 
and  were  not  specifically  built  for  IM  research. 
Hence  the  trials  carried  out  do  not  follow  an 
experimental  design  and  a  number  of  gaps  in  the 
test  matrix  shown  in  Table  1  will  be  apparent.. 
However,  despite  this  limitation  the  results 
obtained  do  permit  some  useful  observations  and 
comparisons  to  be  made  and  may  be  used  to 
indicate  direction  for  future  studies. 
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3.1.1  Motor  Tsmparatura  Effects 

Regardless  of  the  type  of  propellant  or  case 
material  the  adverse  effect  of  very  low 
temperatures  is  clearly  apparent  in  the  data.  At 
the  temperature  of  -50°C  the  effects  of  case  and 
propellant  type  are  second  order.  Of  the  seven 
trials  carried  out  at  this  temperature  all 
produced  reactions  more  severe  than  burning,  ie 
six  explosions  and  one  detonation.  Statistical 
analysis,  based  on  the  assumption  that  different 
propellants  have  no  effect  on  the  pass/failure 
probability,  indicates  that  the  general 
probability  of  failure  at  -50°C  is  0.91  with  50* 
confidence.  This  is  no  doubt  due  to  the  brittle 
nature  of  all  propellants  at  such  low  tempera¬ 
te  res  . 


3.1.2  Propallant  Class! f icat ion 

The  propellants  represented  in  the  IM  database 
have  been  classified  using  the  US  card  gap 
definition  as  either  Class  1.1  or  Class  1.3.  All 
of  the  HTPB  charges  are  Class  1.3.  as  are  the  CDB 
and  EMCDB  propellants  which  do  not  contain  either 
refractories,  aluminium  or  nitramine  fillers.  The 
CDB  and  EMCDB  propellants  containing  refractory, 
aluminium  or  nitramine  fillers  give  card  gap 
values  in  excess  of  70  and  are  therefore  Class 
1.1  by  the  US  definition.  However,  they  are  ail 
1 . 3C  by  NATO  standards.  The  results  of  the  0.5 
inch  bullet  impact  trials  have  been  segregated  by 
USA  propellant  c lass i f icat ion  as  shown  in  Tables 
la  and  lb. 
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The  trials  conducted  on  the  HTPB  and  EMCDB  motors 
allow  an  assessment  to  be  made  of  the  value  of 
the  propellant  classification  as  a  means  of 
predicting  an  IM  reaction. 

For  a  given  case  construction  trials  across  the 
temperature  range  of  -50°C  to  ♦60°C  trials  have 
been  carried  out  on  both  of  these  propellant 
types  From  these  results  it  can  be  seen  that  the 
IM  reactions  of  the  Class  1.3.  HTPB  propellant 
and  the  Class  1.1,  EMCDB  propellant  are  virtually 
identical.  It  should  be  noted,  however,  that  all 
of  the  case  types  represented  in  this  sample  are 
of  a  laminate  type  structure  and  caution  should 
be  exercised  In  relating  these  results  to 
homogenous  cases. 


3.1.3  Charge  Configuration  Iffact 

From  an  initial  glance  at  Table  1  it  might  be 
t nought  than  an  indication  of  the  significance  of 
whether  a  charge  is  cartridge  loaded  or  case 
bonded  could  be  obtained  from  the  results  of 
the  CDB  motor  trials,  the  sample  sl2e  of  the 
'..'DB/RDX  and  f'MCDB  motors  being  too  small  to 
justify  analysis.  By  restricting  analysis  to  the 
steel  rased  motor  trials  the  effects  of 
- emperature  can  also  be  filtered  out  as  these 
wh r e  all  conducted  at  ambient.  Of  the  43  trials 
-arried  out  on  cartridge  leaded  motors  58%  failed 
whereas  of  the  case  bonded  motors  failed. 

Unfortunately  different  class  propellants  were 
used  in  these  trials  and  this  may  also  have 
;  r, :  1  uenred  the  results.  The  propellant  used  in 
all  4?  cartridge  loaded  charges  was  Class  1.3 
whereas  •--nly  2  of  the  14  case  bonded  charges  used 
iss  1.3  propellant,  it  is  tempting  on  the  basis 
't  the  HTPB- EMCDB  comparison  given  in  Section 
•1.1.2  t  .■)  assume  that  the  class  of  propellant 

little  difference.  However,  there  may  be  a 
.rise  p rope  1 1  ant  interaction,  which  it  is  not 
possible  to  test  with  the  available  data,  which 
■  ’.Id  invalidate  such  an  assumption,  hence  nc 
>-ir  indication  of  the  effect  of  charge 
-^figuration  upon  BI  reaction  can  be  drawn. 


A  further  insight  into  the  propellant/case 
combination  can  be  gained  from  a  statistical 
analysis  of  the  ambient  trials  conducted  on 
EMCDBRDX/SSL.  CDB  CL/SSL.  CDB  CL/Al .  CDB  CB/SSL, 
CDB  CB/steel  and  C/steel .  It  can  be  concluded 
from  the  total  number  of  passes  and  failures  from 
this  group  of  trials  that  an  overall  probability 
of  failure  of  0.5  is  not  unreasonable.  For  the 
null  hypothesis,  HO,  of  equal  likelihood  of  pass 
or  failure,  and  the  test  statistic  is  the 
probability  of  this  outcome  given  HO  is  true. 


These  data 

and  test  stat 

is  tics 

are  as  follows: - 

Pass 

Fail 

Total 

Test 

Statistic 

EMCDBRDX/ 

SSL 

7 

0 

7 

0.008 

CDB  CL/ 

18 

25 

43 

0.12 

Steel 

CDB  CL/Al 

11 

0 

11 

0.0005 

CDB  CB/SSL 

16 

0 

16 

0 . 00002 

CDB  CB/ 

3 

11 

14 

0.029 

Steel 

C/Steel 

5 

17 

22 

0.008 

Total 

60 

53 

113 

By  rejecting 

the 

null  hypothesis  if  the  te6t 

stat i st  ic 

is 

less 

than  0 

.05  it 

can  be  seen  that 

only  one  prope 1 lant/case  combination  has  given 
results  consistent  with  an  equal  likelihood  of 
pass/ fai lure ,  ie  CDB  CL/Steel.  Otherwise  all  the 
above  combinations  using  a  steel  body  gave  a 
larger  than  expected  number  of  failures  and 
correspondingly  the  other  bodies,  SSL  and  Al,  had 
statistically  fewer  failures. 

Pooling  ambient  trials  across  propellant  types 
gives  the  following  probabilities  of  failure  for 
the  SSL.  Al  and  steel  cased  motors: - 


SSL 

Al 

Steel 

95*  Confidence 

p  <0.12 

<0.24 

<0.76 

1 .  :  4  Casa  and  Propallant  If facts 

T  :•  assess  "be  possible  influence  of  the  case  and 
r  r~'te  1  an"  f  ype  upon  the  reactions  witnessed  it 
.  s  necessary,  to  filter  out  the  charge  ccnfigura- 
t  ; ;  r;  and  temperature  effects.  Ideally  this  would 
:e  achieved  by  comparing  only  those  results 
trained  for  identical  configurations  and 
" emf eratures .  Unfortunately  the  sample  size  for 
-ir.y  given  temperature  across  ail  case  types  is 
•: ■  small  to  make  this  practical. 

However,  by  considering  just  the  HTPB  and  the  CDB 
lass  1.1  case  bonded  propellant  motors,  reducing 
temperature  effects  by  ignoring  those  tests 
'■on duct ed  below  -30°C  and  pooling  all  trials 
niucted  at  temperatures  of  -30°C  and  above  It 
is  possible  to  make  some  initial  comparisons 
ref ween  case  and  propellant  types.  The  data  of 
Table  1  has  been  simplified,  on  this  basis  as 
shown  in  Table  18.  The  results  are  classified  as 
either  P  or  F  ie..  respectively,  a  reaction  no 
more  severe,  pass,  or  more  severe,  fail,  than 


All  of  the  0.5  inch  bullet  impact  trials  included 
in  the  database  to  date  were  conducted  following 
the  procedures  described  in  Annex  B.  The  rig 
design  employed  on  these  trials  holds  the  motor 
by  retaining  both  ends  in  Vee ' s  with  loose 
fittings  top  clamps. 


During  discussions  with  Naval  Weapons  Centre. 
China  Lake,  doubts  on  the  possible  influence  of 
rig  design  on  the  motor  reaction  were  voiced.  To 
address  these  concerns  five  EMCDBRDX/SSL  motors 
were  subjected  to  0.5  inch  and  20mm  bullet  impact 
trials.  In  these  tests  the  rig  used  was  a  copy  of 
the  NVC  A'  frame  rig  in  which  the  motors  are 
supported  in  a  simulated  air  carriage  configura¬ 
tion  using  two  launch  hangers,  the  ends  are  free. 
All  of  the  motors  used  in  these  trials  gave 
reaction  typical  of  this  motor,  ie.  no  more 
severe  than  burning. 


Multiple  0.5  Inch  BI  Trials 


Analysing  the  data  in  Table  13.  row  and  column 
wise,  gives  an  indication  of  relative  BI 
performance  of  the  various  case  constructions  and 
propellant  types.  For  example  looking  at  the  HTPB 
column  shows  SSL  gave  2  pass  results  and  0  fail 
results,  compared  to  2  failures  and  0  passes  for 
XOA  and  i  failure  and  1  pass  for  CF.  Similarly 
examining  the  KOA  row  shows  that  HTPB  gave  2 
failures  and  0  passes.  EMCDB.  2  passes  and  0 
failures.  CDB  2  passes  and  1  failure  and  CDB/RDX 
1  failure  and  0  passes. 


The  multiple,  impact  trials  carried  out  are 
limited  to  two  case  types  and  three  propellants, 
also  the  number  of  tests  conducted  is  insuffi¬ 
cient  to  support  statistical  analysis.  However, 
because  of  the  similarity  of  these  trials  to  the 
current  MIL-STD-2105  requirements  the  results  are 
considered  to  be  of  interest. 

The  effect  of  the  simultaneous  strike  of  two  0.5 
inch  bullets  has  been  examined  <->n  four  trials, 
see  Table  2.  These  were  all  conducted  against 
SSL.  case  bonded  motors,  three  being  filled  with 
CDB  and  one  with  EMCDB  propellant.  No  reaction 
more  severe  than  burning  was  recorded  on  any  of 
these  trials. 


i) 


TtnpTitur*  effects 


Nine  trials  were  conaucted  using  the  automatic 
fire  of  three  0.5  inch  bullets,  this  trial  being 
representative  of  the  current  MIL-STD-2105 ,  BI. 
requirement.  Information  on  the  trials  is  given 
in  Table  3.  This  shows  that  one  of  the 
SSL/EMCDBRDX  motors  did  not  react,  two  gave 
burning  reactions  and  one  resulted  in 
deflagration.  All  of  the  steel  cased  motors 
exploded . 


4  Fuel  Fire  trial* 

Data  on  the  results  of  36  fuel  fire  (Fast 
cook-off)  tests  have  been  added  to  the  database. 
The  case  materials  used  in  these  trials  were  KOA. 
CF .  and  SSL  the  latter  with  and  without  external 
insulation . 

The  majority  of  these  trails  were  carried  out  in 
the  RO  RMD  '’mini  fuel  fire"  hearth.  The  advantage 
of  this  hearth  over  larger  hearths,  such  as 
required  by  MIL-STD-2105 ,  is  that  less  smoke  is 
generated  and  it  is  therefore  possible  to  observe 
the  store  during  the  trial.  However,  on  occasions 
RO  RMD  has  conducted  trials  in  a  large  hearth  and 
the  results  of  these  have  demonstrated  that 
comparable  reaction  times  and  responses  are 
obtained  from  both  large  and  small  hearths.  The 
data  from  these  trials  are  summarised  in  Table 
16.  Details  of  the  FCO  test  procedure  are  given 
in  Annex  C.  Analysis  of  these  data  shows  that  in 
all  of  the  36  tests  only  2  reactions  more  severe 
than  burning  have  been  recorded.  One  of  these 
occurred  with  a  case  bonded  CDB/SSL  propellant 
combination,  representing  7%  of  the  14  tests 
carried  out.  and  the  other  was  one  of  the  two 
tests  conducted  with  a  carbon  fibre  cartridge 
loaded  CDB/SSL  combination. 

No  information  is  available  in  the  RO  RMD 
database  on  steel  or  aluminium  cased  motors. 
However,  work  reported  by  others  suggests  that 
reactions  more  severe  than  burning  are  typical  of 
a  homogenous  steel  case.  Although  the  KOA  results 
might  be  expected  to  be  indicative  of  a 
homogenous  Al  case  it  should  be  noted  that  line 
cutting  charges  were  used  on  four  of  these 
trials. 

The  success  of  the  composite  and  SSL  structures 
in  FCO  trials  arises  from  the  rapid  loss  in 
strength  of  the  adhesive  systems  used  in  these 
ases  at  temperatures  above  120°C.  By  the  time 
the  propellant  attains  its  ignition  temperature 
the  case  has  little  or  no  strength  left  and  hence 
:s  unable  to  retain  the  pressure  needed  to 
support  an  explosion  or  detonation  type  reaction. 

For  air  carriage  applications  the  sensitivity  of 
the  adhesive  to  aeroheat  induced  temperature 
increase  necessitates  the  use  of  external 
insulation  to  protect  the  case.  Typically  the 
equivalent  of  1mm  cork  has  been  found  necessary. 
This  has  led  to  fears  that  the  advantage  of 
adhesively  bonded  structures  in  FCO  might  be  lost 
when  the  case  is  configured  for  an  air  carriage 
application.  To  investigate  this  concern  RO  RMD 
undertook  a  series  of  FCO  trials  on  externally 
insulated  SSL  cases.  The  results  of  these  trials 
:ieariy  demonstrate  that  the  effect  of  external 
insulation  is  to  delay  the  time  to  first  reaction 
but  does  not  raise  the  level  of  reaction  above 
that  of  burning. 


5  Conclusion 

5  1  0,5  Inch  lullst  Impact 

Examination  of  the  165  0.5  inch  bullet  impact 
tests  leads  to  the  following  conclusion  for  solid 
propellant  rocket  motors 


At  temperatures  below  -40°C  the  type  of  case  and 
propellant  type  have  a  second  order  influence  on 
the  ability  of  the  motor  to  meet  the  IM 
requirements  for  bullet  impact. 

At  a  temperature  of  -50°C  there  is.  at  the  50% 
confidence  level,  a  0.91  probability  of  failure. 

ii )  Card  Omp  mm  s  predictor 

The  results  of  trials  conducted  on  SSL,  KOA  and 
CF  cases  with  HTPB  propellants  having  a  card  gap 
significantly  less  than  70  cards,  gave  marginally 
worse  reactions  than  those  conducted  using  the 
same  cases  and  with  EMCDB  propellants  having  a 
card  gap  of  more  than  70  cards.  However,  only  a 
small  number  of  trial  results  are  available  and 
further  work  would  be  required  to  confirm  this 
finding . 

It  should  also  be  noted  that  the  case  types  used 
in  these  trials  were  of  a  laminar  type  construc¬ 
tion.  The  available  data  do  not  allow  the 
comparison  to  be  made  for  these  propellants  for 
homogenous  cases,  and  hence  the  probability  of  an 
overiding  case  influence  cannot  be  ruled  out. 

i i i )  Configuration  effects 

While  there  is  an  indication  that  case  bonded 
motors  are  more  likely  to  give  reactions  more 
severe  than  burning,  this  result  may  have  been 
influenced  by  propellant  sensitivity.  More  work 
is  needed,  with  standardised  case  and  propellant 
types  to  confirm  this. 

iv)  Casa  Effscts 

There  is  strong  evidence  that  SSL  and  Al  cases 
are  significantly  better  than  homogenous  steel 
cases.  Pooling  ambient  trials  across  propellant 
types  gives  the  following  probabilities  of 
failure,  at  the  95%  confidence  level.  sG.ll  for 
SSL.  <0.24  for  Al  and  <0.76  for  Steel. 

There  is  insufficient  data  to  enable  the  relative 
performance  of  CF  and  KOA  cases  to  be  assessed. 


5.2  Fual  Flra 

Data  from  the  36  Fast  cook-off  trials  allow  the 

following  conclusions  to  be  made. 

i)  Adhesively  bonded  cases  such  as  SSL 

and  CF  provide  a  proven  means  of 
meeting  the  IM  requirements  for 
FCO. 

ii)  To  survive  the  aeroheat  require¬ 

ments  of  air  carried  missiles 
adhesively  bonded  cases  need 
external  insulation.  FCO  on 
externally  insulated  SSL  cases  have 
demonstrated  that  the  time  to  first 
reaction  in  slightly  extended  but 
the  reaction  is  limited  to  one  of 
burning . 


5 . 3  Ms chan ism  of  Motor  Vulnerability 


5.3.1  Fragment  attack 

When  a  fragment  penetrates  a  rocket  motor  case  it 
usually  punches  a  hole  at  the  entry  point  of  a 
somewhat  larger  hole  at  the  exit. 


If  the  fragment  ignites  and  breaks  up  the 
propellant  the  burning  area  increases  and  the 
pressure  within  the  motor  will  increase  rapidly. 
If  the  noz*le.  fragment  entry  and  exit  areas  are 
insufficiently  large  to  cater  for  this  increased 
pressure,  high  pressure  failure,  or  even  an 
explosion,  will  result. 


m 


]-4o 


This  is  the  normal  mechanism  of  fragment  attack 
vulnerability  associated  with  conventional  steel 
homogenous  rocket  motor  cases. 

With  a  strip  laminate  case,  the  area  of  damage  at 
the  fragment  exit  point  is  more  extensive  than  it 
would  be  in  a  conventional  motor  case,  due  to  the 
strip  delamination  effect.  This  area  appears  to 
be  proportional  to  the  weight  of  the  fragment. 
When  under  these  conditions,  the  propellant 
ignites,  gas  flows  out  of  the  fragment  exit  hole 
rapidly,  increases  the  area  of  delaroination  by  a 
peeling  back  of  the  layers,  and  results  in  the 
collapse  of  internal  pressure. 

5.3.2  Futl  fire  attack 

When  a  solid  propellant  rocket  motor  is  heated 
externally,  it  eventually  ignites  and  an 
explosion  may  result  due  to  the  uncontrolled 
nature  of  the  propellant  self  ignition. 

Whilst  this  is  the  mechanism  of  vulnerability 
associated  with  homogeneous  motor  cases  which 
retain  tneir  strength  well  above  the  self 
ignition  temperature  of  the  propellant,  this  is 
no’  so  with  the  adhesive  structures.  When 
subjected  to  heat,  the  resin  used  for  bonding 
begins  to  break  down  at  temperatures  just  above 
lOO'-'C  i2120Fl  and  at  130°C  (356°F)  has  no 
strength  remaining.  Most  CDB  propellants  ignite 
at  approximately  120°C  (248°F)  to  180°C  (356°F). 
depending  upon  confinement,  and  clearly,  from  the 
results  of  the  trials,  when  an  adhesively  bonded 
motor  is  subjected  to  a  fuel  fire,  the  resin 
bonding  of  the  case  breaks  down  faster  than  the 
propellant  temperature  is  raised.  At  the  instant 
of  propellant  ignition  only  a  very  low  pressure 
is  regaied  to  disrupt  the  motor  case  and  thus 
pr  'v;  >>  i  multitude  of  paths  for  gas  and  to 
exhaust  and  thereby  prevent  an  explosive  pressure 


Only  later  did  the  Insensitive  Munitions  (IMj 
properties  of  SSL  become  apparent.  When  SSL 
rocket  motors  were  subjected  to  bullet  impact  and 
fuel  fire  trials  benign  reactions,  now  known  to 
be  typical  of  these  motors,  were  achieved.  During 
the  period  1972  to  1990  in  ec.cess  of  200  SSL 
motors  were  subjected  to  a  range  of  IM  tests  of 
which  around  40  were  fuel  fire  trials  with  the 
majority  of  the  remainder  being  projectile  impact 
tests . 

Since  its  development  SSL  cases  with  diameters  in 
the  range  of  60mm  to  600mm  and  lengths  of  up  to 
3000mm  have  been  produced.  Bodies  have  been 
subjected  to  pressures  of  up  to  600  bar. 
operational  temperatures  as  low  as  -54°C  and  as 
high  as  71°C,  tropical  storage,  severe  flight 
loading  in  missile  structures  and  rough  handling 
trials . 

SSL  cases  have  been  in  volume  production  since 
the  late  1950 ’ s  for  a  number  of  missile  systems, 
notably  Rapier  and  more  recently  the  vertical 
launch  Seawolf.  To  date  around  40  000  production 
motors  and  numerous  development  motors  have  been 
produced  with  SSL  cases. 

1 . 2  Manufacturing  Process 

Currently  two  specifications  of  steel  strip,  a 
0 . 7%C/2. 0%Ni  steel  and  a  7*NI/l7%Cr  stainless 
steel,  ae  used  in  SSL  tube  production.  Both  cf 
these  materials  have  an  ultimate  strength  in  the 
region  of  2GN/m^ .  However,  the  strip  laminate 
technique  has  also  been  successfully  applied  with 
aluminium  alloy,  titanium  alloy  and  maraging 
steel . 

Strip  is  received  from  the  supplier  in  300m 
(1000ft)  lengths  in  coil  form,  typical  dimensions 
of  the  strip,  suitable  for  diameters  greater  than 
100mm  (4  inch),  are  100mm  (4  inch;  wide  by  0.25mm 
(0.01  inch)  thick. 


S  .  i  .  *  Dssign  Crif  ri«  for  I.M. 

RC  RM:.‘  has  been  able,  through  the  extensive  range 
-■'?  ’  ;  ills  and  subsequent  analysis,  to  define 
desi?n  criteria  for  I.M.  which  are  currently 
being  ,se  i  with  solid  propel  lar:t  rocket  motor 
ies iuns . 


Annex  A 

8 1 r ip_L aai ni te  Rocket  Motor  Ceeee 

1 . 0  Whet  le  Steel  Strip  Leainete? 

-'trip  Laminate  rocket  motor  cases  are  made  by 
helically  winding  a  number  of  layers  of  metal 
strip  coated  with  a  suitable  adhesive  onto  a 
mandrel  of  diameter  equal  to  the  desired  bore  of 
the  finished  tube. 


When  subjected  to  mechanical  loads  bodies  made  by 
the  SSL  process  behave  in  the  same  manner  as 
homogeneous  bodies  of  the  same  material  strength. 

Details  of  the  history  behind  this  process  and  a 
description  of  the  manufacturing  technique  are 
given  in  the  following  sections: - 

l .  l  History 

The  Steel  Strip  Laminate  (SSL)  technique  of 
rocket  motor  case  manufacture  was  perfected  at 
Royal  Ordnance  RMD  in  the  early  1950’s.  The 
simplicity,  flexibility  and  short  lead  time  of 
the  manufacturing  process  were  the  key  motivating 
factors  driving  development,  but  the  ability  to 
utilise  ultra  high  strength  steels  was  an  added 
attraction  of  this  unique  method  of  case 
construction . 


Prior  to  winding  the  strip  is  prepared  by  passing 
it  through  a  degreasing  solution  to  remove  oil. 
shot  blasting  both  sides  to  remove  oxides  and 
texture  the  surface  and  then  passing  it  for  a 
second  time  through  a  degress  in g  solution.  A  thin 
layer  of  an  epoxide  adhesive  is  applied  to  the 
strip  and  dried  in  a  heated  tower.  The  coated 
strip  is  then  recoiled  and  may  be  stored  for  up 
to  six  months  without  deterioration  of  the 
adhesive  or  metal  strip. 

The  metal  strip  is  helically  wound  onto  a  heated 
mandrel  so  that  there  is  a  small  gap  between 
successive  turns  of  the  helix.  Additional  layers 
of  strip  are  added  until  the  desired  thickness  is 
obtained,  each  layer  is  wound  in  the  same 
direction  but  the  helices  are  staggered. 

When  winding  is  complete  the  mandrel  temperature 
is  increased  to  partially  cure  the  adhesive. 

After  an  appropriate  time  the  mandrel  is  cooled 
and  the  tube  is  removed  and  cut  to  length. 

End  fittings  and  any  other  attachments,  such  as 
launch  feet,  are  then  bonded  onto  the  tube.  The 
surfaces  to  be  bonded  are  prepared  by  shot 
blasting,  degreasing  and  priming.  The  tube  and 
components  are  assembled  into  a  jig,  to  ensure 
accuracy  of  alignment,  adhesive  is  pumped  in  to 
the  bonding  cavities  and  the  whole  assembly 
transferred  to  an  oven  for  final  cure. 

The  finished  motor  body  may  be  lined,  painted  and 
filled  in  exactly  the  same  way  as  a  body  made  by 
an  other  process. 


Annex  B 


The  temperature  from  the  thermocouples,  the  time 
from  ignition  to  the  attainment  of  a  flame 
Bullet  lap  act  ft  Procadurs  temperature  of  55Q°C  and  the  time  from  550°C  to 

motor  failure  is  recorded.  A  graph  of  flame 

The  general  arrangement  of  the  test  set  up  is  temperature  versus  time  from  fuel  ignition  to 

shown  in  Figure  B1 .  motor  failure  is  produced.  Data  from  blast 

overpressure  gauges  are  also  tabulated  and 
The  motor  mounting  rig  is  rigidly  located  such  plotted, 

that  its  longitudinal  axis  is  at  90°  to  the  line 
of  fire  of  a  0.5”  Browning  machine  gun, 
positioned  at  a  distance  of  30m  ♦  0.5m.  The  gun 
barrel  is  at  the  same  height  as  that  of  the 
centre  point  of  the  target.  Blast  overpressure 

gauges.  Piero  Electric  Type  B'.  are  positioned  Acknowledgment 

either  side  of  the  mounting  rig  at  45°  right  and 

135°  left  to  the  line  of  gun  fire  and  at  This  work  has  been  carried  out  with  the  support  of 

distances  of  lm,  2m  and  5m  from  the  point  of  Procurement  Executive  Ministry  of  Defence, 

impact  and  exit  on  the  motor. 

Bullet  velocity  measuring  equipment,  cine  cameras 
and  a  colour  VCR  are  located  as  shown  in  Figure 

B1  . 

The  gun  is  prepared  by  firing  'warmers'  and 
zeroing  rounds. 

When  all  items  are  sited  and  their  operation  has 
been  satisf actorily  confirmed  the  motor  is  taken 
from  the  conditioning  cn amber  and  positioned  into 
the  test  rig.  The  gun  is  zeroed  on  to  the  aiming 
point  of  the  motor  and  an  instant  of  strike  foil 
switch  is  attached  to  the  motor  over  the  aiming 
point.  The  gun  is  loaded  and  all  instrumentation 
is  started.  When  recording  equipment  is  at 
operating  speed  the  gun  is  fired. 

After  firing,  still  photographs  of  the  rocket 
motor  debris  are  taken  before  any  hosing  down  or 
manual  disturbance.  A  record  is  also  made  of  the 
type  of  damage  to  the  motor  and  rig.  distance, 
ilrection.  dimensions  and  weight  of  any  debris 

A  tabulation  of  peak  overpressure,  shock  arrival 
time  and  duration  of  pulse  is  obtained  for  each 
overpressure  gauge  and  a  time  trace  of  pressure 
’.  s  also  produced. 


Anns*  C 

fast  Cook  Off  Tast  Procadura 
WO  (HMD)  Mini  Pual  Flra 

The  motor  mounting  rig  also  contains  its  own  fuel 
hearth  and  is  constructed  from  3  x  62”  lengths  of 
15”  x  4”  RSC,  welded  together  to  form  a  tray  62' 
x  45  x  4'  into  which  the  motor  support  cradle  is 
fitted  such  that  the  bottom  of  the  store  is  not 
less  than  0.2m  above  the  fuel  surface. 

This  rig  is  placed  in  the  centre  of  the  fuel  fire 
arena.  Piezo  Electric  blast  gauges  Type  A  (2 
off)  are  positioned  3m  from  the  store  (either 

s ide j  . 

The  rocket  motor  is  secured  into  the  rig.  Two 
flame  temperature  thermocouples  are  situated  10mm 
below  the  centre  of  the  motor,  off  set  40-60mm 
either  side  and  connected  to  a  recorder.  See 
Figure  Cl . 

Sufficient  fuel  (AVCAT)  or  commercial  Kerosene 
Crade  B'  (DEF  2403)  to  sustain  a  10  minutes  fire 
is  poured  into  the  hearth.  Water  from  a  low 
pressure  supply  is  then  sdded  until  the  level  of 
the  fuel  is  0.2m  below  the  bottom  of  the  store. 

To  aid  ignition,  petrol  is  floated  on  top  of  the 
fuel.  The  petrol  is  ignited  by  means  of  an 
electrically  initiated  puffer  inserted  into  an 
opened  Mortar  Augmenting  charge,  surrounded  in 
petrol  soaked  cotton  waste. 

A  colour  cine,  framing  at  lOOpps.  running  for  2.5 
minutes  and  colour  video  camera  with  VCR.  sound 
and  CCTV  are  employed  to  record  the  trial  events. 
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-  5ASED  ON  US  CARD  GAP  DEFINTION 

TABLE  la  0.5  INCH  SINGLE  BULLET  TRIALS/CLASS  1 .1  PROPELLANT 


CLASS  1  3  PROPELLANT 


14-V 


I 

> 


TABLE  1b  0.5  INCH  SINGLE  BULLET  IMPACT  TRIALS/CLASS  1.3  PROPELLANT 


IM  Database 


TABLE  2 

SIMULTANEOUS  STRIKE  OF  TWO  0.5  INCH  BULLETS 


\  PROPELLANT 

\ 

CASE  \ 

MATERIAL  \ 

— 

CDB 

— 

EMCDB/RDX 

Cordite 

CB 

AMB 

CL 

AMB 

CB 

-40  AMB  +60 

CL 

CB 

CL  ! 

j 

1 

NR 

SSL  B 

D 

E 

Det 

1 

1  1 

1 

NR 

B 

Steel  D 

E 

Det 

i 

1 

3 

TABLE  3 


THREE  ROUNDS  AUTOMATIC  FIRE  OF  0.5  INCH  BULLETS 


KEY:  NR  No  Reaction 


E  Explosion 


B  Burning  Reaction  Det  Detonation 

D  Deflagration 


'i 


t 


IM  Database 


"\PROPELLANT 

CASE\^ 
MATERIAL  \ 

CDB 

_ . _ 

EMCDB 

HTPB 

Cordite 

CM  CDB 

CB 

CL 

CB 

CL 

CB 

CL 

CB 

CL 

CB 

CL^ 

SSL 

11 

Steel 

13 

2 

TABLE  4  7  62  mm  BULLET  IMPACT  TRIALS 


\PROPELLANT 

case''  . 

MATERIAL 

CDB 

EMCDB 

HTPB 

Cordite 

i 

CMCDB  j 

_ _ _ 1 

CB 

CL 

CB 

CL 

CB 

CL 

CB 

CL 

CB 

CL 

1 

SSL 

9 

5 

Steel 

4 

15 

4 

1 

TABLE  5  20  mm  BULLET  IMPACT  TRIALS 


PROPELLANT 

CASE  \ 
MATERIAL 

CDB 

EMCDB 

HTPB 

Cordite 

CMCDB 

CB 

CL 

CB 

CL 

CB 

CL 

CB 

CL 

CB 

CL 

SSL 

t 

] 

i 

Steel 

12 

_ 

. I 

i 

TABLE  6  3.5g  FRAGMENT  PROJECTILE  IMPACT  TRIALS 


'"..PROPELLANT 

CASE 

MATERIAL  X\ 

— 

CDB 

EMCDB 

HTPB 

Cordite 

CMCDB 

CB 

CL 

CB 

CL 

CB 

CL 

CB 

CL 

CB 

CL 

SSL 

1 

Steel 

5 

TABLE  7  1 7g  FRAGMENT  PROJECTILE  IMPACT  TRIALS 


IM  Database 


\PROPELLANT 

CDB 

EMCDB 

HTPB 

Cordite 

MATERIAL  \ 

CB 

CL 

CB 

CL 

CB 

CL 

CB 

CL 

SSL 

9 

Steel 

TABLE  8  0.3  mm  BALL  AMMUNITION  IMPACT  TRIALS 


\  PROPELLANT 

CASE 

MATERIAL 


CDB 

EMCDB 

_ _ _ 

HTPB 

Cordite 

CMCDB 

CB 

CL 

CB 

CL 

CB 

CL 

CB 

CL 

CB 

C 

5 

TABLE  9  20  mm  BALL  IMPACT  TRIALS 


-.PROPELLANT 

CASE '  \ 
MATERIAL 


CDB 

EMCDB 

HTPB 

Cordite 

CMCDB 

CB 

r 

CL 

CB 

CL 

CB 

CL 

CB 

CL 

CB 

C 

72 

12 

2 

TABLE  10  105  mm  SHELL  TRIALS 


.PROPELLANT 


CASE 


MATT  RIAI 


CDB 

EMCDB 

HTPB 

Cordite 

CB 

CL 

CB 

CL 

CB 

CL 

CB 

CL 

2 

_ 

TABLE  11  84  mm  SHELL  TRIALS 


IM  Database 


TABLE  13  DETONATION  TRIALS 


v  PROPELLANT 

— 

CDB 

EMCDB 

HTPB 

Cordite 

CMCDB 

CASE 

MATERIAL  \ 

V 

CB 

CL 

CB 

CL 

CB 

CL 

CB 

CL 

CB 

C 

L 

SSL 

22 

2 

_  . 

Steel 

_ 

2 

TABLE  14  SYMPATHETIC  DETONATION  TRIALS 


IM  Database 


^^PROPELLANT 

CDB 

EMCDB 

HTPB 

Cordite 

CASE\ 

MATERIAL 

CB 

CL 

CB 

CL 

CB 

CL 

CB 

CL 

SSL 

4 

TABLE  15  SHAPED  CHARGE  TRIALS 


\  PROPELLANT 
CASE' 

MATERIAL  \ 


EMCDB  HTPB  Cordite  |  CMCDB 


CB  CL  CB  CL  CB  CL  CB  CL  CB  !  CL 


B  13  1  5+4AH 

D 

E  1 
Det 


NR 

B  1  +2l_C 
KOA  D 
E 

Det 


NR 

B 

CF  D 
E 

Det 


1  1 
1 


1+1 LC 


TABLE  16  FAST  COOK-OFF  TRIALS 
KEY:  NR  No  Reaction  E  Explosion  LC  Line  Cutting  Charge 

B  Burning  Reaction  Det  Detonation  AH  Aeroheat  Protected 

D  Deflagration 


PROPELLANT 

CASE 

MATERIAL  \ 


CDB 

— 

EMCDB 

— 

HTPB 

— | 

Cordite 

CB 

CL 

CB 

CL 

CB 

CL 

CB 

CL 

4 

_ 

TABLE  17  FLAME  IMPINGEMENT  TRIALS 


HTPB 

P  F 

EMCDB 

P  F 

EMCDB/ROX 

P  F 

CDB 

P  F 

CDB/RDX  CMCDB 

P  F  j  P  F 

SSL 

2 

2 

f— 

7 

2 

f--  '  ' 

Steel 

2  10 

i 

2 

i 

. i 

KOA 

2 

2 

_ 

2  1 

i 

! 

1 

CF 

'  ' 

2 

i 

TABLE  18 

RESULTS  OF  0.5  INCH  SINGLE  BULLET  IMPACT  TEST 
AGAINST  CASE  BONDED,  HTPB  AND  CLASS  1.1* 
DOUBLE  BASED  PROPELLANTS  AT  jH30°C 


Figure  No  B1  -  Plan  of  Trials  Arena 
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Figure  No  Cl  -  Mini  Fuel  Fire  Arrangements 


Discussion 


QUESTION  BY  ZELLER.  FRANCE:  Can  you  give  some  information,  even 
only  qualitative,  on  sympathetic  detonation  test  results? 

ANSWER:  The  sympathetic  detonation  trials  conducted  by  RO  RMD 
differ  significantly  from  those  prescribed  in  the  MIL-STD  and 
STANAG  documents.  In  the  RO  RMD  test  the  donor  motor  is  prepared 
packing  the  conduit  with  explosive  and  electrically  initiating.  The 
receptor  motor  is  placed  in  close  proximity,  in  some  cases  touching, 
to  the  donor  motor.  A  total  of  13  trials  of  this  type  have  been 
carried  out,  all  gave  violent  reactions,  i.e.  6  detonations  and  7 
explosive  events. 

QUESTION  BY  VICTOR.  US:  In  the  chart  that  showed  fast  cook-off 
results  the  time  delay  for  CDB  propellants  was  longer  than  for  both 
EMCDB  and  HTPB  propellants.  I  wondered  if  the  CDB  results  were  due 
to  the  type  or  amount  of  insulation  used  in  the  KOA  or  CF  cases. 

ANSWER:  The  results  presented  for  the  times  to  first  reaction  did 
not  discriminate  between  cartridge  loaded  and  case  bonded  charges. 
The  data  has  been  re-examined  to  present  the  results  of  these 
different  loading  arrangements  separately,  see  figures  in  the  paper. 
The  figures  heading  each  column  indicate  the  number  of  trials 
conducted  for  each  case/propellant  combination.  While  presenting 
the  data  in  this  way  removes  the  anomaly  identified  in  the  question 
in  relation  to  CDB  propellants  it  does  not  validate  the  conclusion 
drawn  from  this  work.  That  is  that  the  reaction  times  for  all  three 
case  bonded  propellants  tested  in  SSL  cases  are  similar  and  that  the 
reaction  time  for  EMCDB  propellant  appears  to  be  independent  of  the 
case  construction  tested.  The  insulation  standard  was  similar  for 
all  case/propellant  combinations  and  therefore  the  longer  time  to 
first  reaction  of  the  KOA/HTPB  motor  would  appear  to  be  related  to 
the  difference  in  case  construction. 
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1.0  SUMMARY 

Substantial  progress  has  been  made  over  the  past  four 
years  in  characterizing  and  understanding  the  response 
of  energetic  materials  and  rocket  motors  to  the  energetic 
stimuli  specified  in  MIL-STD-2105A.  Approaches  to 
reducing  the  sensitivity  based  upon  that  work  are 
reviewed.  Minimum  smoke  propellants  with  an 
improved  performance-shock  sensitivity  balance  have 
been  formulated.  Partial  or  complete  replacement  of  the 
nitramine  with  phase  stabilized  ammonium  nitrate 
reduced  the  shock  sensitivity  significantly  at  a 
performance  loss  of  4-10%.  A  number  of  routes  to 
more  extinguishable  composite  propellants,  both  reduced 
smoke  and  high  performance  types,  are  discussed. 
Replacement  of  the  polybutadiene  with  alternative 
polymeric  backbones  has  yielded  more  extinguishable 
compositions.  The  use  of  metal  perchlorates  in  place  of 
the  ammonium  perchlorate  greatly  increases  thermal 
stability.  In  the  area  of  inert  components,  alternatives  to 
monolithic  metal  cases,  such  as  composites  cases, 
substantially  improve  the  response  to  fast  cook-off  and, 
for  minimum  smoke  propellants  to  bullet  impact. 

2.0  LIST  OF  SYMBOLS 
IM  Insensitive  Munitions 

AP  Ammonium  perchlorate 

A1  Aluminum 

EPDM  Ethylene  propylene  dimer 
BI  Bullet  Impact 

FCO  Fast  cook-off 

SCO  Slow  cook-off 

SD  Sympathetic  detonation 

SCJ  Shaped  charge  jet 

HTPB  Hy drox yterm inated  polybutadiene 

Cd  Critical  diameter-smallest  diameter  at  which  a 

detonation  propagates 
RDX  1,3,5-trinitrazacyclohexane 
HMX  1,3,5,7-tetranitrazacyclooctane 
PS  AN  Phase  stabilized  ammonium  nitrate 

Hex  Heat  of  explosion  (cal/g) 

XLDB  Crosslinked  double  base  propellant 


CDB  Cast  double  base 

PMCDB  Polymer  modified  cast  double  base 
KP  Potassium  perchlorate 

Vb  Velocity  at  burnout 

DOD  Department  of  Defense 

3.0  INTRODUCTION 

During  the  1980’s  the  Department  of  Defense  initiated 
the  Insensitive  Munitions  program,  a  comprehensive 
effort  to  reduce  the  sensitivity  of  their  munition  systems. 
The  goal  of  this  program  is  to  develop  munitions 
fulfilling  their  performance  and  operational  requirements 
while  minimizing  the  violence  of  reaction  and 
subsequent  damage  when  subjected  to  unplanned  stimuli 
[Ref  1,2].  Over  the  preceding  25  years,  a  series  of 
incidents  involving  carrier  fires,  storage  depots  and 
rail/highway  transportation  accidents  demonstrated  the 
need  for  Insensitive  Munitions. 

MIL-STD-2105A,  in  which  the  Insersitive  Munitions 
requirements  are  defined,  was  issued  in  1991  by  the  U.S. 
Navy  [Ref  3].  The  standard,  which  is  summarized  in 
Table  1 ,  defines  test  conditions  and  criteria  necessary  to 
determine  the  munition  response  to  the  principal  threats. 
The  standard  also  requires  the  weapons  system  program 
managers  to  assess  the  threat  to  the  weapon  system  and 
prepare  a  test  plan  for  approval  by  the  Service’s 
Explosive  Safety  Review  Board.  The  review  board  has 
the  authority  to  invoke  or  waive  the  criteria  set  forth  in 
MIL-STD-2105A.  Meeting  the  IM  standard  is  not  a 
matter  of  satisfying  a  single  requirement  rather  seven 
separate  criteria  must  be  met. 

Designing  missiles  to  meet  the  IM  criteria  is  complex 
because,  in  general,  the  nature  of  the  response  to  each  of 
the  energetic  stimuli  depends  on  different  characteristics 
of  the  missile  or  motor.  For  instance  the  response  of  a 
typical  rocket  motor  to  shaped  charge  jet  is  largely 
controlled  by  the  shock  sensitivity  of  the  propellant 
while  the  response  to  fast  cook-off  (FCO)  and  slow 
cook-off  (SCO)  is  dependent  mainly  on  venting  the  case 


to  relieve  the  pressure.  Table  2  shows  the  principal 
factors  controlling  the  response  of  rocket  motors  to  the 
energetic  stimuli  addressed  in  MIL-STD-2105A.  Similar 
relationships  would  be  applicable  to  warheads,  although 
the  relative  importance  would  change  because  of  the 


heavier  walls  and  necessary  detonability  of  the  explosive 
load.  A  system  approach  is  required  to  meet  the  1M 
goals  since  different  features/characteristics  of  the  motor 
are  involved  in  meeting  the  criteria. 


TABLE  1 

IM  CRITERIA  ESTABLISHED  IN  MIL-STD-2105A 


TEST 

CONDITION 

CRITERIA 

Sympathetic  Detonation 

Detonate  one  of  two  units  in 
shipping/storage  configuration 

No  detonation  of  acceptor 

Fast  Cook-Off 

Jet  Fuel  Fire  1600‘F 

Burning 

Bullet  Impact 

Three  .50  cal  at  2,800  fi/sec 

Burning 

Fragment  Impact 

Two  1/2"  Fragments  at  8,300  ft/sec 

Burning 

Slow  Cook-Off 

6'F/Hr 

Burning 

Shaped  Charge  Jet 

81mm  shape  charge  or  M42/M46 

No  detonation 

Spall 

81mm  shape  charge  through  armor 
plate 

No  sustained  burning 

TABLE  2 

FACTORS  DETERMINING  ROCKET  MOTOR 
RESPONSE  TO  ENERGETIC  STIMULI 


THREAT 

CRITICAL  RESPONSE  FACTORS 

Propagation  of  Detonation  to  adjacent  Units 

1 .  Propellant  Shock  Sensitivity 

2.  Case  -  Fragmentation 

3.  Shipping  Container  -  Attenuation 

Fire 

1.  Case  Venting  -  Temperature 

2.  Propellant 

Bullets 

1.  Propellant  -  Extinguishabilily,  Toughness 

2.  Case  Configuration 

High  Velocity  Fragments 

1.  Propellant  -  Shock  Sensitivity,  Toughness 

2.  Shipping  Container  -  Attenuation 

Slow  Heating 

1.  Case  Venting  -  Temperature/Pressure 

2.  Propellant  Stability,  Decomposition 

Shaped  Charge 

1.  Propellant  Shock  Sensitivity 

Spall 

1.  Propellant  Stability,  Extinguishabilily 

2.  Case 

As  indicated  in  Figure  1,  this  approach  entails  a 
coordinated  program  involving  the  development  of  less 
sensitive  propellants,  explosives  and  ignition  devices  as 
well  as  venting  devices  and  case  materials  that  mitigate 
the  response  to  energetic  stimuli.  In  addition,  techniques 
to  predict  the  response  of  missiles  based  on  material 
properties  and  configurations  arc  needed  because  the  test 
series  required  by  MLL-STD-2105A  is  very  expensive. 
In  general,  a  minimum  of  20  missiles  are  required  to 
conduct  the  specified  tests.  Hence,  the  combined  cost  of 
the  test  and  missiles  precludes  the  full  scale  evaluation 
of  a  large  number  of  options. 

Significant  progress  has  been  made  since  the  mid¬ 
eighties  in  DOD  and  industry  laboratories,  as  well  as  in 
NATO  countries,  in  characterizing  and  understanding  the 
response  of  energetic  materials,  rocket  motors,  and 
warheads  to  the  stimuli  specified  in  2 105 A.  As  a  result 


of  this  work,  a  number  of  prori.ising  approaches  to 
meeting  the  IM  criteria  have  been  identified  [Ref  4], 
Government  and  industry  have  committed  substantial 
funds  to  pursue  this  research  and  initiate  the 
development  programs  necessary  to  incorporate  IM 
technology  intc  deployed  missile  systems  [Ref.  5-12]. 
While  a  comprehensive  program  which  includes  all 
aspects  of  developing  missiles  is  needed  to  meet  the  IM 
criteria,  this  paper  focuses  primarily  on  the  rocket  motor. 

The  propellant  is  of  paramount  concern  with  all  of  the 
IM  criteria.  Current  rocket  propellants  can  be  divided 
into  two  broad  families  (Table  4]  in  terr.  s  of  their 
behavior  with  the  IM  stimuli.  The  principal  problem 
with  minimum  smoke  propellants,  which  are  based  on 
nitrate  ester  and  ni'ramine,  is  shock  sensitivity. 
Conversely,  reduced  smok^  propellants,  which  are  based 
on  ammonium  perchlorate  (AP)  and  an  elastomeric 


TABLE  3 

RESPONSE  TO  INITIATION  STIMULI  VARIES  WITH  PROPELLANT  TYPES 


J) 


[ 

i 

-  1 

HIGH  ENERGY  PROPELLANTS  | 

INGREDIENTS 

MINIMUM 

SMOKE 

% 

REDUCED 

SMOKE 

% 

■ 

AL/XLDB 

% 

AL/AP/HTP 

% 

r  1  . "  ■ 

N urate  F-sier 

20  -  30 

1 

o 

C4 

- 

Nitramine 

50  -  65 

- 

30  -  40 

- 

Polymer 

5  -  10 

- 

5  -  10 

- 

Modifiers 

2  -  5 

2  -  5 

2  -  5 

2  -  5 

AP 

85  -  91 

5  -  10 

70  -  80 

HTPB 

-- 

7  -  12 

- 

7  -  12 

At 

- 

- 

10  -  id 

10  -  20 

— 

PARAMETERS 

_ 

Isp*  (sec) 

248 

248 

272 

268 

Card  Gap 

>100 

0 

>100 

0 

Critical  Diameter 


<20mm 

Burning 


>lm 

Burning-Explosive 


<20mm 

Burning 


>lm 

Buming/Explosive 


FIGURE  1 

A  SYSTEM  ORIENTED  PROGRAM  IS  REQUIRED  TO  MEET  IM  CRITERIA 
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polymer  (usually  urethane  cured  polybutadiene)  are 
relatively  insensitive  to  shock  but  bum  vigorously  at  low 
pressure  and  are  difficult  to  extinguish.  Composite 
propellants  also  tend  to  react  very  violently  in  the  slow 
cook-off  test,  even  with  minimal  confinement.  Table  3 
shows  that  the  addition  of  aluminum  (Al)  gives  higher 
energy  propellants  which  largely  retain  the  sensitivity 
characteristics  01  -he  base  compositions.  In  this  paper 
progress  in  developing  both  insensitive  minimum  smoke 
and  composite  propellants  is  discussed. 

4.0  RESULTS  AND  DISCUSSION 

4.1  PROPELLANT-CASE  INTERACTION 

To  increase  understanding  of  the  factors  that  control  the 
response  to  energetic  stimuli  and  to  provide  guidance  in 
designing  less  sensitive  rocket  motors  we  conducted  a 
series  of  1M  tests  on  generic  motors  in  which  the 
material  of  case  construction  and  the  propellant  were 
systematically  varied  as  shown  in  Table  4.  Both  class 

1.1  minimum  smoke  propellants  and  class  1.3  composite 
propellants  were  compared  in  monolithic  steel  and 
aluminum,  graphite  composite,  and  steel  strip  laminate 
cases.  The  composition  and  characteristics  of  the 
propellants  are  given  in  Table  3.  In  addition  to  these 
propellants  a  class  1.3  minimum  smoke  formulation  was 
tested,  primarily  in  graphite  composite  cases.  As  Table 
4  shows  the  first  series  of  tests  involved  only  bullet 
impact,  fast  and  slow  cook-off. 

A  schematic  of  the  five-inch  diameter  generic  motor  is 
shown  in  Figure  3.  Most  of  the  tests  were  conducted 
with  a  one-inch  web  at  which  the  generic  motor  holds 
approximately  4.5  kg  of  propellant.  Currendy  work  is 
being  carried  out  with  a  two-inch  web  (6  kg  of 
propellant).  The  properties  of  the  various  case  materials 
in  this  configuration  are  summarized  in  Table  5.  The 
failure  pressure  varies  from  3500  to  5600  psi  (25  to  39 
Mpa) .  The  insulation  is  EPDM  with  a  thickness  of  0.76 
mm.  One  closure  has  a  22  mm  diameter  port  to 
Emulate  a  nozzle  throat. 

The  generic  motor  tests  were  earned  out  at  the  Hercules 
I VI  test  facility  located  at  Allegany  Ballistics  Laboratory, 
Rocket  Center,  WV.  Larger  scales  tests  are  conducted 
at  the  Bacchus  works,  Magna,  UT.  The  tests  were 
instrumented  with  video  camera  and  airblasl  gauges. 
Thermocouples  were  included  in  the  motors  for  the 
cook  -off  tests  and  gauges  to  measure  gas  pressure  in  the 
propellant  grain  were  incorporated  for  some  of  the  slow 
cook -oil  tests.  High  speed  (10,000  frames/s) 
photographic  coverage  was  used  for  the  bullet  impact, 
sympathetic  detonation,  and  shape  charge  jet  tests.  Steel 


TABLE  4 

MOTOR  RESPONSE  WAS  DETERMINED  AS 
FUNCTION  OF  PROPELLANT/ 

CASE  MATERIAL  COMBINATION 


PROPELLANT 


CASE  MATERIAL 

MIN 

SMOKE 

REDUCED 

SMOKE 

Graphite  Composite 

B,  S,  F 

B,  S,  F 

Strip  Laminate  (Steel) 

B,  S,  F 

B,  S,  F 

Al 

B,  S,  F 

B,  S,  F 

Steel 

B,  S,  F 

B,  S,  F 

B  =  Bullet  ImpacL  S  =  Slow  Cook-Off, 
F  =  Fast  Cook-Off 


witness  plates  were  used  in  the  sympathetic  detonation 
and  shaped  charge  jet  tests.  Fast  cook-off  and  slow 
cook-off  were  done  in  accordance  with  MIL-STD- 
2105A.  A  schematic  of  the  experimental  arrangement 
for  slow  cook-off  is  shown  in  Figure  3.  A  single  .50 
caliber  round  was  used  for  BI,  in  contrast  to  the  3-round 
burst  within  50ms  specified  in  the  standard.  This  was 
deemed  adequate  for  the  purpose  of  the  current  study 
which  was  to  establish  design  guidelines  rather  than 
qualification  of  a  weapon  system. 

The  bullet  impact  test  results  for  Class  1.1  minimum 
smoke  and  reduced  smoke  propellants  are  summarized 
in  Table  6.  The  case  material  had  a  very  strong  effect 
on  the  response  of  Class  1.1  minimum  smoke 
propellants  to  bullet  impact.  With  the  steel  case  the 
reaction  was  a  deflagration  or  explosion  while  with  the 
composite  case  no  reacuon  (light  or  smoke)  was 
observed.  With  the  strip  laminate  case  the  propellant 
extinguished  immediately  after  impact  with  negligible 
consumption  of  propellant.  A  mild  bum  was  observed 
with  the  Al  case.  Photographs  of  the  motors  after  the 
test  are  shown  in  Figure  4.  Clearly  all  of  the  reactions 
were  mild  except  for  the  steel  case  which  was  thrown 
about  eighty  feet.  These  results  are  consistent  with 
those  reported  by  Thom  |Ref  131  who  conducted 
multiple  tests  with  various  size  bullets-  composite  cases 
gave  no  reaction  or  bums  while  Al  cases  gave  mostly 
bums.  However,  a  small  but  significant  fraction  of  the 
bullet  impact  tests  with  Al  cases  resulted  in  explosion  or 
detonation. 

With  the  reduced  smoke  composite  propellant,  case 
material  had  less  effect  on  the  response  to  Bl  than  it  did 
with  the  Class  1.1  minimum  smoke  propellant. 


FIGURE  3 

THE  SLOW  COOK-OFF  TEST  ARRANGEMENT 
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TABLE  5 

GENERIC  CASES  REPRESENT  A  VARIETY  OF 
MATERIALS  AND  CONSTRUCTION  TECHNIQUES 


; 

| 

j  TYPE 

! 

FAILURE 
PRESSURE 
i  MPa) 

THICKNESS 

(MM) 

END  RING 
(RESIN) 

CASE  RESIN 

EPOXY 

AMINE 

SOFTENING 

TEMPERATURE 

CO 

- - - - - 

Composite 

to 

1 .8 

. 

EA934 

55A 

127 

i  Strip  Laminate 

75 

1.2 

9414 

9379 

178 

Aluminum 

25 

3.5 

N/A 

N/A 

N/A 

Steel 

30 

3.5 

N/A 

N/A 

N/A 

VOTE:  Insulator  0.76mm  thick  EPDM  for  all  cases. 


CLASS  1.1  MINIMUM  SMOKE  PROPELLANT  Bl  TESTS 


GRAPHITE  COMPOSITE  CASE 


NO  REACTION  TO  Bl 


ALUMINUM  CASE 


PROPELLANT  BURNED  \ 


STRIP  LAMINATE  CASE 


BURNING,  FOLLOWED  BY 
PROPELLANT  EXTINGUISHMENT 


STEEL  CASE 


PROPELLANT  DEFLAGRATION  | 


FIGURE  4 

GRAPHITE  COMPOSITE  CASE  GAVE  MILDEST  RESPONSE  IN  BULLET 
IMPACT  TESTS  WITH  CLASS  1.1  MINIMUM  SMOKE  PROPELLANT 


CLASS  1.3  REDUCED  SMOKE  PROPELLANT  Bl  TESTS 
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FIGURE  5 

BULLET  IMPACT  TESTS  OF  CLASS  1.3  REDUCED  SMOKE  PROPELLANTS 
RESULTED  IN  BURNING  IN  ALL  THE  GENERIC  TEST  MOTORS 


TABLE  6 

BULLET  IMPACT  TESTS  ON  GENERIC  MOTORS 


CASE  MATERIAL 

CLASS  1.1  MIN  SMOKE 

REDUCED  SMOKE 

Composite 

No  Reaction 

Bum 

Strip  Laminate 

Extinguished 

Bum 

Aluminum 

Bum 

Bum  (Case  Split) 

Steel 

Deflagration 

Bum  (Case  Split) 

TABLE  7 

SUMMARY  OF  FAST  COOK-OFF  TESTS 
WITH  GENERIC  MOTORS 


SMOKE  CASE  MATERIAL 

CLASS  1.1  MINIMUM  SMOKE 

REDUCED  SMOKE 

PROPELLANT 

PROPELLANT 

Graphite 

Burned 

Burned 

Strip  Laminate 

Burned 

Burned 

Aluminum 

Burned 

Burned 

Steel 

Ejected  Closure 

Propulsive  Burning 

As  Table  6  shows  a  burning  response  was  observed  for 
all  four  ease  materials,  with  the  composite  and  strip 
laminate  giving  a  milder  bum  than  the  monolithic  metal 
eases.  A  vers  energetic  response  was  observed  with  the 
monolithic  steel  and  A1  cases  as  the  photographs  in 
Figure  5  indicate.  Hence  it  may  be  anticipated  that  with 
larger  motors  a  deflagration  or  explosion  could  result. 
This  was  in  fact  observed  in  NWC  tests  with  Shrike 
motors  using  steel  cases.  (Ref.  14). 

Both  the  minimum  smoke  propellant  and  the  composite 
propellant  motors  passed  the  FCO  lest  with  graphite 
composite,  strip  laminate,  and  Aluminum  cases  (Table 
7 1.  With  all  three  materials  the  case  thermally  degraded 
bctorc  propellant  ignition,  thereby  providing  adequate 
venting.  The  steel  case  failed  with  both  propellant 
types,  by  ejecting  the  closure  with  the  minimum  smoke 
propellant  and  by  a  propulsive  bum  with  the  composite 
propellant.  These  tests  show  that  construction  of  the 
case  to  provide  adequate  venting  will  allow  the  FCO 
criteria  to  be  met.  Clearly,  the  thickness  and  location  of 


the  insulation  will  be  critical  when  A1  is  used  as  the  case 
material. 

The  minimum  smoke  propellant  passed  the  SCO  test  in 
the  composite  case  with  a  mild  reaction  after  ejection  of 
the  end  ring  (Table  8).  The  ignition  temperature  for  the 
minimum  smoke  propellant  was  ~130“C  as  shown  in 
Figure  6.  The  end  ring  was  bonded  with  an  adhesive 
that  should  shear  or  fail  adhesively  at  that  temperature. 
The  internal  gas  pressure  in  the  propellant  increased  by 
only  10  psi  (69kPa)  prior  to  ignition. 

The  pressure  was  measured  by  a  transensor  mounted  on 
the  case  wall.  With  A1  or  steel  cases  the  ignition 
temperature  was  the  same,  as  expected,  however,  the 
response  upon  ignition  was  an  explosion  or  detonation 
since  there  was  no  venting  mechanism  except  for  the 
throat  opening. 

The  composite  propellant  motors  failed  the  SCO  test 
with  all  four  case  materials.  The  reaction  in  each 
instance  was  an  explosion  which  fragmented  not  only 


FIGURE  6 

DIFFERENT  PROPELLANT  TYPES  GAVE  WIDELY  VARYING 
RESPONSES  IN  SLOW  COOK-OFF  TEST 
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FIGURE  7 

EFFECT  OF  HMX  CONTENT  ON  THE  SDT  SENSITIVITY  OF 
MINIMUM  SMOKE  PROPELLANTS 
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TA3LE 8 

SLOW  COOK-OFF  TESTS  WITH  GENERIC  MOTORS 


I 


CASE  MATERIAL 

CLASS  1.1  MINIMUM  SMOKE 

REDUCED  SMOKE 

PROPELLANT 

PROPELLANT 

Graphite 

Bum1 

Explosion 

Strip  Laminate 

Detonation 

Explosion 

Aluminum 

Detonation 

Explosion 

Steel 

Detonation 

Explosion 

1  =  End  Ring  Ejected 


the  case  but  also  the  steel  oven  walls.  The  ignition 
temperature  of  the  composite  propellant  was  ~190'C  and 
2  psi  (14  kPa)  internal  gas  pressure  was  observed  prior 
to  ignition.  Even  though  the  ignition  temperature  was 
much  higher  than  that  of  the  minimum  smoke  propellant 
and  the  adhesive  should  be  degraded  further,  the  venting 
was  not  adequate  to  prevent  the  explosive  response.  This 
is  consistent  with  Diede's  work  |Ref  151  which  shows 
confinement  of  only  30  psi  (-200  kPa)pressure  can 
cause  an  explosive  reaction  for  composite  propellants  in 
the  SCO.  A  one  pound  sample  of  aluminized  composite 
propellant  with  negligible  confinement  exploded 
violently  in  our  SCO  test.  The  extreme  violence  of 
AP/HTPB  composite  propellants  under  SCO  conditions 
is  probably  due  in  large  measure  to  the  partial 
decomposition  of  the  propellant,  and  particularly  the  AP, 
before  igniuon.  AP  is  know  to  undergo  partial 
decomposition  generating  a  porous,  metastable  product. 
This  phenomenon,  in  combination  with  partial 
decomposition  of  the  binder,  will  create  a  porous  bed 
that  is  liable  to  explode  or  undergo  deflagration  to 
detonation  transiuon  upon  ignition  at  high  temperature. 

In  summary,  the  generic  motor  test  matrix  showed 
substantial  advantages  for  composite  cases  over 
monolithic  metal  in  meeting  the  1M  criteria.  For 
minimum  smoke  propellants  the  response  were  improved 
in  all  three  tests,  ie;  BI,  FCO,  and  SCO.  For  reduced 
smoke  propellants  the  responses  were  clearly  improved 
for  the  FCO  test  and  improvement  was  inferred  for  the 
BI  test.  The  tests  also  confirmed  the  difficulty  of 
meeung  the  SCO  criteria,  and  demonstrated  the  violence 
of  AP/HTPB  propellants  under  SCO  conditions. 


4.2  PROPELLANTS 

In  the  following  discussion,  minimum  smoke  and 
reduced  smoke  propellants  are  treated  separately,  since 
they  present  different  problems  with  respect  to  meeting 
1M  requirements. 

4.2.1  Minimum  Smoke  Propellants 

The  principal  challenge  with  minimum  smoke 
propellants  is  to  reduce  the  shock  sensitivity  while 
maintaining  the  energy  density.  Current  slurry  cast 
XLDB  propellants  have  a  theoretical  Isp  of  -248  sec  and 
a  density  of  -1.69  g/cc  with  a  card  gap  of  140  and  a  Cd 
of  -6.4  mm.  Cast  double  base  and  polymer  modified 
cast  double  base  have  Isp  values  ranging  from  220  to 
240+  sec  and  card  gap  values  ranging  from  0  to  180 
depending  on  the  composition.  A  great  deal  of  work  has 
been  conducted  in  the  U.S.A.  by  both  DOD  and  industry 
to  improve  the  balance  of  sensitivity  and  performance  in 
minimum  smoke  propellants. [Ref.  16,6,8-11) 

4.2.2  Shock  Sensitivity  of  XLDB  Minimum  Smoke 
Propellants 

The  shock  sensitivity  of  crosslinkcd  double  base 
propellants  depends  primarily  on  the  binder  energy 
(Hex),  and  nitramine  content  and  size.  It’s  widely 
recognized  that  reducing  the  size  of  the  nitramine  in  a 
XLDB  propellant  reduces  the  shock  sensitivity.  This 
was  confirmed  in  a  recent  study  by  Schedlbauer  and 
Kretschner  (ref  17).  Hcrriott  (ref  18)  demonstrated  the 
strong  effect  of  HMX  content  on  shock  sensitivity  by 
measuring  the  card  gap  values  of  a  scries  of  propellants 
in  which  the  concentration  of  HMX  was  varied  from  0 


t 
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to  50%  in  a  high  energy  binder  (1200  cal/g  Hex).  Even 
though  4  micron  HMX  was  used,  the  initiating  pressure 
dropped  from  75  to  25  kbar  as  the  HMX  increased  from 
0  to  50%  (Figure  7).  The  effect  of  binder  energy  from 
500  to  1200  cal/g  Hex  on  shock  sensitivity  at  various 
HMX  levels  is  shown  in  Figure  8.  With  no  HMX 
present,  the  shock  sensitivity  was  strongly  dependent  on 
binder  energy;  i.e.,  increasing  Hex  from  700  to  1100 
cal/g  decreased  the  initiating  shock  pressure  from  142  to 
88  kbar,  a  38%  decrease.  As  the  HMX  level  increased, 
the  effect  of  binder  energy  on  shock  sensitivity 
decreased  as  shown  in  Figure  8.  With  50%  HMX 
present,  increasing  the  binder  Hex  from  700  to  1100 
decreased  initiating  pressure  from  32  to  28  kbar,  only  a 
13%  decrease.  In  summary,  solid  nitramine  (HMX  or 
RDX)  content  and  size  are  dominant  effects  on 
propellant  shock  sensitivity,  followed  by  binder  energy. 

4.2.3  Shock  Sensitivity  of  Solvent  Cast  Double  Base 
Propellants 

The  shock  sensitivity  of  cast  double  base  and  polymer 
modified  cast  double  base  propellants  shows  the  same 
kind  of  dependence  on  nitramine  content  and  size,  and 
binder  energy  as  the  XLDB  propellants  described  above. 
For  instance,  increasing  the  Hex  from  700  to  1 100  in  an 
unfilled  cast  double  base  propellant  increased  the  card 
gap  from  -15  to  -45  (decreased  the  initiating  pressure 
from  130  to  90  kb),  similar  to  the  change  observed  with 
XI.  DB. 

Some  rate  modifiers,  notably  Pb,04  strongly  sensitized 
cast  double  base  propellants.  Addition  of  3.3%  of  this 
modifier  to  an  unfilled  CDB  propellant  increased  the 
card  gap  from  40  to  120.  The  incorporation  of  HMX- 
RDX  to  CDB-PMCDB  propellants  increases  the  shock 
sensitivity  subsianually.  For  example,  25%  HMX  in  a 
CDB  formulation  with  a  binder  Hex  of  900  cal/g 
increases  the  card  gap  from  35  to  140.  This  implies  that 
the  addition  of  even  small  amounts  of  HMX  or  RDX  to 
CDB/PMCDB  propellants  will  result  in  problems  with 
the  SD.  FI,  and  SCJ  tests. 

CDB  and  PMCDB  propellants  without  solid  nitramine 
can  be  formulated  to  energy  levels  of  233-237  s  and 
densities  of  0.056-0.057  lb/in3  (1.55-1.67  g/cc).  This 
amounts  to  a  loss  of  12%  in  energy  density  from  the 
XLDB  Class  1.1  minimum  smoke  propellants  currently 
in  production.  These  formulations  have  card  gap  values 
in  the  range  of  40-50  and  CD  of  12  to  18  mm. 

4.2.4  Ammonium  Nitrate  based  Minimum  Smoke 
Propellants 

Comfort,  et  al  (Kef  19)  conducted  an  extensive  search 


for  alternatives  to  solid  nitramines  such  as  RDX  or 
HMX  that  would  provide  comparable  impulse  while 
reducing  shock  sensitivity.  Impulse  density  calculations 
were  made  for  a  large  number  of  energetic  materials, 
including  both  materials  that  are  commercially  available 
and  some  that  are  only  laboratory  items  at  present.  Very 
few  of  these  compounds  gave  propellant  energies  that 
matched  those  of  RDX  and  fewer  still  have  been 
produced  in  the  pilot  plant  scale.  The  more  promising 
compounds  were  evaluated  in  slurry  crosslinked  double 
base  propellants  using  card  gap  as  an  index  of  shock 
sensitivity.  None  of  these  compounds  gave  propellants 
with  comparable  energy  density  and  lower  shock 
sensitivity  than  RDX.  We  are  currently  synthesizing 
new  compounds  that  offer  potential  improvement  in 
energy-sensitivity  balance  for  evaluation  in  propellant. 

Among  the  commercially  available  materials,  ammonium 
nitrate,  with  or  without  phase  stabilizer,  offered  the  best 
balance  of  properties.  Extensive  development  was 
carried  out  in  which  the  shock  sensitivity,  impulse, 
ballistics,  mechanicals,  and  aging  of  AN  (or  PSAN- 
phase  stabilized  ammonium  nitrate)  were  characterized. 
While  improvement  is  still  needed  in  the  areas  of 
mechanicals  and  aging,  a  family  of  Class  1.3  minimum 
smoke  propellants  with  an  energy  density  4-10%  less 
than  the  current  Class  1.1  propellants  was  achieved. 
Current  activity  is  focused  on  tailoring  these  propellants 
to  meet  missile  system  requirements. 

To  optimize  the  energy  density-sensiuvity  balance  of 
minimum  smoke  propellanLs,  a  study  of  shock  sensitivity 
was  conducted  as  a  function  of  binder  energy,  oxidizer 
type,  concentration,  and  size,  and  plasticizer  type.  Card 
gap  was  used  as  a  measure  of  shock  sensitivity.  Figure 
9  shows  a  plot  of  card  gap  or  initiating  pressure  versus 
impulse  for  a  series  of  PSAN  propellants  in  which  the 
above  parameters  were  varied  over  a  wide  range.  To  a 
first  approximation,  the  card  gap  values  were  a  function 
of  the  propellant  energy  regardless  of  the  parameter 
varied.  Two  departures  from  the  correlation  in  the 
direction  of  an  improved  energy-sensitivity  trade  are 
discussed  below. 

The  nitramine  particle  size  effect  was  exploited  to 
improve  the  impulse-sensitivity  trade.  A  Sweco  mill 
was  used  to  grind  RDX  to  a  weight  median  diameter  of 
--1.5  microns.  This  material  could  be  used  to  replace  up 
to  20%  of  the  PSAN  while  maintaining  a  card  gap  of  65 
and  increasing  the  impulse  by  4  seconds.  Conversely 
the  use  of  larger  RDX,  -  5  microns,  resulted  in  an 
increase  in  the  card  gap  to  80.  While  the  substitution  of 
20%  of  the  PSAN  with  the  fine  RDX  does  not  increase 
card  gap  (or  lower  initiating  pressure),  it  did  reduce  the 
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EFFECT  OF  BINDER  ON  THE  SDT  SENSITIVITY  OF 
MINIMUM  SMOKE  PROPELLANTS  AT  VARIOUS  HMX  CONTENTS 
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critical  diameter  from  20mm  to  10mm.  Thus,  the  card 
gap  is  a  useful  indicator  of  shock  sensitivity  but  it  does 
not  provide  an  unequivocal  means  of  predicting  the 
behavior  in  larger  scale  tests-as  subsequent  discussion 
will  demonstrate. 

The  use  of  an  energetic  nitramine  polymer  in 
combination  with  lower  energy  nitrate  ester  plasticizers 
resulted  in  a  formulation  with  an  improved  balance  of 
impulse  and  sensitivity  as  indicated  in  Figure  9.  By 
replacing  nitroglycerin  with  trimetholethanetrinitrate  and 
the  polyglycoladipate  with  a  nitramine  polymer,  an  Isp 
value  of  -230  sec  was  obtained  at  zero  cards.  With  the 
use  of  a  similar  binder  and  fine  RDX,  a  card  gap  of  45 
was  obtained  at  237  sec.  This  combination  of  sensitivity 
and  energy  is  of  interest  for  a  number  of  missile  systems 
under  development. 

A  number  of  PS  AN  based  Class  1.3  minimum  smoke 
propellants  are  summarized  in  Table  9.  The  table  shows 
formulations  with  card  gaps  values  less  than  70  and 
impulse  values  in  the  235-240  sec  range.  Aging, 
mechanical  properties,  and  burning  rates  are  also  given. 
Tailoring  to  improve  the  balance  of  properties  is 
currently  underway.  An  eight-inch  diameter  rocket 
motor  with  a  graphite  composite  case  was  loaded  with 
a  PS  AN  based  Class  1.3  minimum  smoke  piopellant  and 
successfully  fired  (Figure  10).  This  motor  was  fired 
with  a  laser  safe-arm  igniter  system  which  will  further 
enhance  the  IM  characteristics  of  the  missile  by 
eliminating  sensitive  pyrotechnics  from  the  ignition  train. 
The  delivered  thrust  was  as  predicted  and  represented  a 
combustion  efficiency  of  99.3%. 

4.2.5  Shock  Sensitivity  Tests  in  Generic  Motors 
Sympathetic  detonation  and  shaped  charge  jet  tests  were 
conducted  on  Class  1.1  and  two  Class  1.3  minimum 
smoke  propellants  in  graphite  composite  case  generic 
motors  (Table  10).  The  tests  were  carried  out  in 
accordance  with  MIL-STD-2105A;  a  schematic  of  the 
test  arrangement  for  SD  is  shown  in  Figure  11.  The 
sympathetic  detonation  tests  were  conducted  with  and 
without  glass  composite  launch  tubes  (13mm  in 
thickness)  to  determine  their  mitigation  capability.  The 
Class  1.1  propellant  (64%  RDX  or  55%  HMX) 
detonated  both  with  and  without  the  launch  tube. 
Correspondingly,  it  also  detonated  with  the  81  mm 
shaped  charge  jet.  Conversely,  the  Class  1.3  propellant 
with  64%  PSAN  and  no  nitramine  showed  no  reaction 
of  the  acceptor  in  the  sympathetic  detonation  test.  It 
also  passed  the  SCJ  test  with  20%  of  the  propellant 
being  recovered.  Although  the  card  gap  of  the  Class  1.3 
propellant  in  which  the  PSAN  was  partially  replaced 


with  fine  RDX  (20%  RDX  and  44%  PSAN)  was 
essentially  the  same  as  the  all  PSAN  formulation  it  did 
not  pass  either  SCJ  or  the  SD  test  (without  launch  tube). 
Clearly  the  card  gap  does  not  provide  an  unequivocal 
indicator  of  the  missile  response  in  the  IM  tests.  The 
20%  RDX  propellant  did  pass  the  SD  test  when 
protected  by  the  glass  composite  launch  tube.  In 
summary  the  all  PSAN  propellant  passed  the  SD  and 
SCJ  tests  at  a  one  inch  web  in  a  graphite  composite  case 
generic  motor. 

4.2.6  Composite  Propellants 

The  efforts  to  provide  composite  propellants  that  meet 
the  IM  requirements  have  focused  on  improved 
extinguishability,  milder  response  in  slow  cook-off,  and 
tougher  propellants.  The  approaches  discussed  in  this 
paper  include:  1)  the  use  of  metal  perchlorate  oxidizers 
to  enhance  thermal  stability,  2)  alternative  polymeric 
binders  that  improve  extinguishability  and  toughness. 
Energy  density  equivalent  to  those  of  the  current 
AP/HTPB  formulation  can  be  obtained  with  both  of 
these  approaches. 

4.2.7  Insensitive  High  Density  Propellants 

High  density  propellants  in  which  the  AP  oxidizer  was 
replaced  with  potassium  perchlorate  (KP)  are  a 
promising  approach  to  meeting  the  IM  requirements 
while  maintaining  the  volumetric  impulse  of  current 
rocket  propellants.  We  have  demonstrated  that  KP- 
based  propellants  have  much  better  thermal  stability,  less 
sensitivity  to  impact,  and  a  greater  tendency  to 
extinguish  at  low  pressures  than  comparable  AP-based 
propellants.  Thermodynamic  calculations  have  shown 
that  the  volumetric  impulse  of  KP/A1/HTPB  propellant 
is  comparable  or  greater  than  many  of  the  tactical  rocket 
propellants  now  in  production.  Performance  trade 
studies  were  done  in  which  potassium,  lithium  and 
sodium  perchlorate  were  evaluated  as  replacements  for 
AP.  The  impulse  decreases  as  AP  is  replaced  by  the 
metal  perchlorates  but  the  volumetric  impulse  increases 
as  shown  in  Figure  12.  While  KP  has  lower 
performance  it  was  selected  for  evaluation  because 
lithium  and  sodium  perchlorate  are  very  hygroscopic 
which  would  present  difficult  processing  problems. 

A  comparison  of  aluminized  AP  and  KP  propellants  was 
carried  out  over  a  wide  range  of  compositions  using  Vb 
at  a  mass  fraction  of  .37  as  the  measure  of  performance. 
This  parameter  was  chosen  as  representative  of  the  mass 
fraction  typical  of  tactical  missiles.  Neither  impulse  nor 
impulse-density  is  an  accurate  measure  of  rocket  motor 
performance  because  the  contribution  of  density  depends 
on  mass  fraction.  The  performance  of  KP/A1/HTPB 
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CLASS  1.3  MINIMUM  SMOKE  PROPELLANT  SUCCESSFULLY  FIRED 
IN  A  COMPOSITE  MOTOR  WITH  A  LASER  SAFE/ARM 
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EXPERIMENTAL  CONFIGURATION  FOR  SYMPATHETIC  DETONATION  TESTS 


propellant  optimized  at  approximately  67%  AP,  24%  A1  Development  work  continues  on  this  family  of 

and  9%  binder  and  gave  a  Vb  within  2%  of  a  high  propellants;  they  are  particularly  suited  to  missiles  that 

performance  AP/A1/HTPB  (70/21/9%)  propellant.  For  require  high  performance  aluminized  propellants.  Due 

instance,  the  theoretical  burnout  velocity  of  the  to  the  formation  of  KC1  in  the  exhaust,  this  formulation 

propellant  was  1.22  krn/s  compared  to  1.24  km/s  for  the  is  useful  caiy  in  missions  where  signature  is  not  a 

AP  propellant.  The  properties  of  KP  and  AP  composite  critical  issue, 
propellants  are  compared  n  Table  11.  The  comparison 
was  made  in  88%  solids  HTPB  propellant  with  70% 

oxidizer  and  18%  Al.  As  Table  11  shows,  the  KP  4.2.8  Extinguishable  Propellants 

propellant  had  several  advantages  over  the  AP  The  use  of  alternative  binders  to  HTPB,  generally 

composition:  >mproved  thermal  stability,  reduced  polyethers  polyesters  that  enhance  roughness  and 

initiation  sensitivity  and  higher  strain  capability.  These  extinguishability  is  being  explored  [Ref  20-22],  Reed 

characteristics  plus  the  tendency  of  the  KP-based  and  coworkers  have  demonstrated  an  order  o.  magnitude 

propellants  to  extinguish  at  low  pressures  should  result  increase  in  toughness  using  a  polyakylene  oxide  binder, 

in  a  mild  response  to  the  bullet  impact  and  fragment  making  he  propellant  very  resistant  to  damage  from 

tests.  The  improved  thermal  stability  and  the  elimination  bullet  oi  fragment  impact.  Using  a  similar  binder,  we 

of  porosity  produced  by  the  low  temperature  have  independently  developed  a  family  of  propellants 

decomposition  of  AP  should  result  in  a  less  violent  with  significant  advantages  over  HTPB  propellants.  Of 

response  in  the  slow  cook-off  test  Slow  cook-off  tests  particular  importance  for  IM  is  the  improved  extinguish- 

on  the  laboratory  scale  have  confirmed  this  prediction;  ability  and  much  lower  susceptibility  to  electrostatic 

ie.,  no  ignition  at  500’C  with  a  50  g  samp'e  and  a  bum  initiation.  A  milder  response  to  bullet  impact  was 

with  a  one  pound  sample  at  300'C.  A  ten-pouna  generic  demonstrated  in  both  steel  and  graphite  composite  cases, 

motor  survived  a  slow  cook  off  test  to  232‘C  without  Other  propellant  characteristic:  that  are  critical  to  the 

ignition.  After  24  hours  at  that  temperature  it  was  development  of  an  efficient  rocket  motor  also  compare 

cooled  to  ambiert  and  ignited  -  the  bum  was  normal.  favorably  with  those  of  HTPB.  For  instance,  these 


TABLE  1  < 

KP  PROPELLANTS  POSSESS  FAVORABLE  PROPERTIES 
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LASER  ARM/FIRE  CONCEPT 


propellants  show  an  increase  in  impulse  density  while 
maintaining  burning  rate  range,  mechanical  properties, 
and  cost.  This  family  of  propellants  is  applicable  to  a 
wide  range  of  tactical  missiles,  either  those  requiring 
reduced  smoke  or  high  performance  aluminized 
propellants.  Further  development,  including  tailoring  of 
mechanical  and  ballistic  properties,  processing  studies, 
and  larger  scale  IM  testing  is  being  carried  out  at 
present. 

4J  NEW  INGREDIENTS 

New  ingredients  are  needed  to  meet  the  IM  standards 
while  maintaining  the  energy  density  levels  of  current 
Class  1.1  minimum  smoke  propellants  as  shown  in  the 
preceding  section.  A  widespread  effort  in  the  NATO 
countries  and  elsewhere  is  underway  to  develop  and 
characterize  these  compounds  (Ref.  23-27).  The  effort 
is  a  comprehensive  one,  in  that  new  energetic 
plasticizers,  polymers  and  oxidizers  are  being  sought. 
While  many  promising  compounds  have  been  identified 
and  synthesized,  none  have  yet  been  demonstrated  that 
allow  the  formulation  of  an  insensitive  minimum  smoke 
propellant  that  matches  the  performance  and  other 
requirements  of  current  production  propellants.  A 
dedicated,  long  term  effort  will  be  required  to  scale-up 
and  use  these  materials  in  deployed  missiles. 

4.4  ROCKET  MOTOR  CASES 

We  are  evaluating  the  major  case  construcUon  materials 
for  their  effect  on  the  response  to  the  IM  stimuli.  As 
the  discussion  on  testing  showed  the  effects  are 
substantial.  The  relative  contributions  of  the  various 
materials  in  mitigating  the  BI,  SCO,  FCO  and  ESD 
hazards  are  shown  in  Table  12.  The  benefit  of  the  case 
in  mitigating  the  hazard  is  assessed  on  two  levels:  either 
a  dominant  or  contributory  effect  As  the  Table 
indicates  the  graphite-epoxy  case  offers  some  mitigating 
capability  over  the  widest  range  of  threats.  Considered 
m  combination  with  its  excellent  strength  to  weight  ratio 
the  IM  benefits  make  composite  cases  a  strong  candidate 
for  future  tactical  rocket  motors. 

4.5  L  \SER  SAFE/ARM  SYSTEM 

Hercules  has  developed  a  laser  safe -arm  system  that 
eliminates  the  need  for  sensitive,  pyrotechnic  materials 
such  as  lead  azide  or  lead  siyphanate.  The  laser  concept 
is  a  simple  approach  to  arm  fire  systems  as  illustrated  in 
Figure  13.  Photoflash  lamps  arc  used  to  generate  the 
laser  pulse  from  a  neodymium  doped  glass  rod.  The 
pulse  is  fix' used  on  the  igniter  material  or  a  fiber  optic 
cable  with  a  convex  lens.  A  simple  shutter  serves  as  the 
safing  device.  This  concept  has  been  reduced  to  practice 


TABLE  12 

MAJOR  MUNITIONS  HAZARDS  CAN  BE 
MITIGATED  BY  CASE  MATERIAL 


CASE 

FCO 

SC 

BI 

ES 

MATERIAL 

O 

D 

Steel 

X 

Aluminum 

X 

X 

Strip  Laminate 

X 

C 

X 

Glass/Epoxy 

X 

C 

C 

Aramid/Epoxy 

X 

C 

C 

Graphite/Epoxy 

X 

C 

C 

X 

Hybrid 

X 

X 

X  =  Dominant  Effect 
C  =  Contributory  Effect 

in  a  number  of  systems  and  the  resulting  laser  arm  fire 
potentially  effective  against  bullet  impact  since  it  does 
devices  have  substantial  advantages  over  conventional 
electromechanical  devices: 

Greater  reliability 
Lower  cost 
Less  weight 

No  electrical  connection  to  the  initiator 
Reduced  sensitivity  to  electromagnetic  radiation 

Six  photoflash  lamps  generate  2  joules  with  a  pulse  half 
width  of  35ms,  which  is  more  than  adequate  to  ignite 
typical  initiator  materials  such  as  BKNO,.  In  ger.  ;ral, 
the  output  from  2  lamps  is  sufficient  to  initiate  BKN03. 
Hence  the  lamps  are  wired  in  two  independent  circuits 
to  provide  redundancy.  The  laser  system  is  readily 
adaptable  to  remote  and/or  simultaneous  initiation  of 
propellant  charges  through  the  use  of  fiber  optic  cables. 
The  loss  in  energy  upon  transmission  through  fiber  optic 
cables  is  negligible,  allowing  the  laser  to  be  located  on 
the  launch  platform  or  on  the  missile  at  a  location 
remote  from  the  igniter.  The  high  energy  output  also 
makes  it  possible  to  split  the  pulse  into  multiple  cables 
and  simultaneously  ignite  separate  charges. 

Drop-in  laser  safe-arm  units  that  replace  the 
electromechanical  devices  for  Sparrow  have  been  built 
and  successfully  tested  according  to  the  qualification 
specifications.  They  have  also  been  adapted  to  and 
demonstrated  in  the  following  applications: 


Surface  and  air  launched  rocket  motors,  HVM, 
Sparrow 

Multi-pulse  rocket  motors 
Aircraft  ejection  seats  (F- 16) 

Gun  Launched  Rocket  Motors 
120  mm  gun  system 

All  of  the  requirements  of  MIL-STD-1512  and  MIL-I- 
23695  were  met  by  the  laser  safe-arm  system.  The 
laser  safe-arm  device  is  a  promising  method  to  reduce 
the  sensitivity  of  missiles  while  improving  reliability, 
reducing  weight  and  cost. 

4.6  INSENSITIVE  MUNITIONS  MODELING 

There  is  widespread  activity  in  developing  models  to 
predict  the  response  of  munitions  to  the  energetic  stimuli 
identified  by  MIL-STD-2105A  [Ref  27-30].  Accurate 
models  arc  needed  to  greatly  reduce  test  costs  and 
provide  guidance  for  selection  of  sound  approaches. 
Victor  has  reviewed  this  area  in  considerable  detail  [Ref 
4],  Our  program  is  currently  focused  on  the 
investigation  of:  slow  cook-off  model  and  experimental 
diagnostics,  molecular  model  for  sensitivity  prediction 
and  bullet  impact  model.  These  projects  will  provide 
understanding  and  guidelines  for  the  development  of 
insensitive  tactical  missiles. 
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Discussion 


QUESTION  BY  COLE.  CANADA:  How  much  gas  venting  is  required  to 
get  HTPB/AP  propellant  filled  motors  to  pass  the  slow-cook  off 
test? 

ANSWER:  One  China  Lake  test  with  controlled  blow  out  disks  found 
that  the  case  "back  pressure"  needed  to  be  reduced  to  30  psi  or  less 
in  order  to  pass.  In  another  test  of  a  Sidewinder  motor  with  both 
ends  open,  the  motor  failed.  They  believe  the  problem  in  that 
instance  is  related  to  the  high  L/D  ratio  of  the  motor. 

QUESTION  BY  HELD.  FRG:  What  was  the  diameter  of  the  shaped  charge 
used  and  the  diameter  of  your  GAP  tests? 

ANSWER:  The  diameter  for  the  shaped  charge  jet  is  81  mm.  The 
standard  card  GAP  test  was  used;  ~1.5  inches  internal  diameter  and 
-2.0  inches  outside  diameter  steel  pipe  loaded  with  propellant. 
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ABSTRACT 

Activities  of  the  Technical  Cooperation  Program  (TTCP) 
W  Action  Group  11  (WAG-11)  on  “Hazards  of  Energetic 
Materials  and  their  Relation  to  Munitions  Survivability” 
are  described.  The  concept  and  uses  of  hazard  assessment 
protocols  are  presented. 

1.  INTRODUCTION 

This  paper  describes  activities  of  many  scientists  from 
Australia,  Canada,  the  United  Kingdom,  and  the  United 
States.  The  five  listed  “authors”  of  this  paper  are  the 
national  leaders  of  this  effort,  and  the  reader  must  recog¬ 
nize  that  the  work  presented  in  this  paper  is  the  work  of 
many  scientists  and  engineers,  not  just  the  listed 
authors.  Space  considerations  preclude  listing  all  of  the 
contributors  in  this  paper.  These  many  scientists  and 
engineers  have  been  meeting  since  the  beginning  of 
1987  to  discuss  the  response  of  munitions  to  bul- 
lel/fragment  impact,  electrostatic  discharge,  shaped 
charge  jet  impingement,  cook-off,  and  sympathetic  deto¬ 
nation.  At  the  first  meeting,  the  members  reached 
consensus  that  a  program  leading  to  mechanistic  under¬ 
standing  of  reactions  and  predictive  capability  of  out¬ 
come^)  was  required.  It  was  felt  that  traditional,  standard 
go/no-go  tests  did  not  provide  this  understanding  nor  the 
predictive  capability.  During  the  various  discussions  a 
general  approach  evolved.  From  general  discussions  of 
stimulus,  sample,  environment  leading  to  some  response 
we  found  ourselves  presenting  classes  of  output 
(detonation,  explosion,  burning,  no  reaction)  in  terms  of 
input  stimulus  and  target  (includes  sample  and  environ¬ 
ment).  This  determination  of  hazard  responses  of  the 
target  munition  as  a  function  of  a  wide  variety  of  stimuli 
(for  example,  those  combinatioas  of  fragment  mass, 
fragment  velocity  and  fragment  shape  leading  to  detona¬ 
tion,  those  combinations  leading  to  explosion,  and 
those  combinations  leading  to  no  reaction)  could  lead  to 
hazard  asscssmcnt/response  plots  for  a  given  munition. 
These  hazard  assessment/response  plots  could  be  com¬ 
pared  to  the  specific  fragment  masses,  velocities,  and 
shapes  for  a  given  threat  (e  g.,  warhead)  to  determine  the 
likely  response  of  a  given  munition  to  a  given  threat(s). 
As  will  be  shown  in  this  paper,  this  optimistic  desire 
has  been  achieved  in  many  of  the  hazard  areas. 

It  was  also  decided  that  rather  than  having  several  single 
workshops,  it  made  sense  to  have  sequential  workshops 
on  bullet  impact,  fragment  impact,  shaped  charge  jet 
impact,  and  sympathetic  detonation  all  at  the  same  meet¬ 
ing  since  there  is  significant  technical  overlap  between 
the  areas.  For  example  all  of  these  areas  must  be  con¬ 
cerned  with  prompt  shock  to  detonation  reactions.  This 
"omnibus"  meeting  was  held  in  luly  1988  at  the  Royal 
Armament  Research  &  Development  Establishment 
(RARDE),  Fort  Halstead,  the  United  Kingdom.  A  work¬ 
shop  on  Electrostatic  Discharge  was  also  held 


concurrently  at  RARDE,  Waltham  Abbey,  the  United 
Kingdom.  This  workshop  was  scheduled  because  of  the 
great  progress  that  was  being  made  in  this  area.  The  two 
groups  convened  at  RARDE  Fort  Halstead  on  July  8, 

1988,  and  presented  the  summary  of  their  workshop 
findings  to  the  National  Leaders.  Besides  technical 
exchange,  the  major  output  was  the  establishment  of 
collaborative  efforts  between  nations. 

The  hazard  assessment  plots  are  the  output  of  the  hazard 
assessment  protocol  method  applied  to  the  hazard  areas 
listed  above.  What  is  a  hazard  assessment  protocol?  It 
is  an  ordered  procedure  that  results  in  a  flow  chart  that 
directs  the  user  through  the  consideration  of  a  hazard 
area.  This  consideration  will  be  of  his  sample  in  its 
environment  subject  to  the  threat  stimuli  he  thinks  the 
sample  will  encounter.  The  hazard  assessment  protocol 
helps  tell  the  designer  and  test  personnel  (1)  what  paths 
are  most  likely  to  be  encountered,  and  hence  must  be 
considered,  and  (2)  what  information  must  be  obtained  in 
order  to  perform  the  assessment.  Because  the  assessment 
is  based  on  logic  and  directly  associated  with  the  ord¬ 
nance  item  in  a  real  environment  and  subject  to  real 
threats,  it  has  more  value  than  the  results  of  a  few  go/no- 
go  hazard  tests.  The  protocol  approach  is  intended  to  be 
(1)  a  design  tool  used  early  in  the  design  cycle  to  antici¬ 
pate  potential  hazard  problems,  and  (2)  an  aid  to  program 
personnel  to  mitigate  existing  munition  hazard  prob¬ 
lems.  The  protocol  approach  has  been  described  and  used 
in  Refs.  1  and  2. 

Perhaps  it  is  easier  to  understand  the  protocol  approach 
by  working  through  a  simplified  example:  impact  of  a 
fragment  on  an  idealized  munition  consisting  of  a  case 
wall-energetic  fill-case  wall.  There  are  several  possible 
reactions  as  illustrated  in  Fig.  1.  The  first  consideration 
is  the  prompt  shock  to  detonation.  In  this  situation  the 
fragment  impacts  the  munition,  sending  a  shock  wave 
into  the  cased  energetic  material.  This  shock  wave  tran¬ 
sitions  into  a  detonation.  If  the  fragment  does  not 
impart  sufficient  energy  to  cause  a  detonation,  we  may 
still  have  a  significant  problem  resulting  from  the  frag¬ 
ment  penetrating  the  case.  If  the  fragment  penetrates 
several  possibilities  are  likely  to  occur.  The  worst  is 
that  the  fragment  ignites  the  energetic  material  and  the 
combustion  rapidly  produces  gases  that  can't  be  vented 
quickly.  In  this  instance  the  munition  may  violently 
explode  sending  large  fragments  at  modest  to  high  veloc¬ 
ities.  Another  situation  that  often  occurs,  often  with 
less  severe  consequences,  is  the  fragment  because  of  its 
high  velocity  and/or  large  mass,  either  penetrates 
directly  through  the  munition  and  doesn't  ignite  the 
energetic  material  and/or  provides  an  extremely  large 
vent  or  breaks  open  the  case.  In  these  instances,  a  fire 
may  ensue  but  at  least  there  was  no  detonation  or  explo¬ 
sion.  The  last  instance,  and  the  most  desired,  is  that  the 
fragment  simply  hits  the  case  and  bounces/ricochels  off 
causing  no  reaction. 
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PENETRATION  -  UNDERVENTED 

PROMPT  SHOCK-TO-DETONATION  BURN  TO  EXPLOSION 


PENETRATION  -  OVERVENTED 

BURN/PROPULSION  RICOCHET  (LOW  HAZARD) 


Fig.  1.  Possible  Reactions  When  a  Fragment  Impacts  a  Cased  Energetic  Material. 


Which  reaction  is  likely  to  occur?  That's  where  the  pro¬ 
tocol  comes  in.  Let's  take  a  simplified  look  at  this 
problem.  Our  first  concern  was:  “Do  we  get  a  prompt 
shock  to  detonation?"  The  protocol  path  of  Fig.  2 
addresses  this  concern.  We  first  start  with  the  fragment 
having  mass,  velocity,  size/shape.  and  orientation;  and 
let’s  say  that  this  is  the  first  fragment  impacting  the 
munition.  The  first  question  to  ask  is  how  does  the 
diameter  of  the  fragment  compare  to  the  critical  diameter 
of  the  energetic  propellant  (or  explosive).  The  critical 
diameter  is  the  smallest  diameter  that  will  sustain  a  deto¬ 
nation.  If  the  fragment  diameter  is  much  less  that  the 
critical  diameter  of  the  energetic  material  then  a  prompt 
shock  to  detonation  transition  is  unlikely  (however  other 
mechanisms  such  as  deflagration  to  detonation  transition 
may  be  possible)  and  one  should  proceed  to  penetration 
considerations. 


If  however  the  fragment  diameter  is  approximately  equal 
to  or  bigger  than  the  critical  diameter,  a  prompt  shock 
to  detonation  may  ensue;  and  one  must  compare  the 
shock  pressure  imparled  by  the  impact  to  the  initiation 
pressure  required  to  cause  detonation.  If  the  imparted 
pressure  is  below  the  threshold,  prompt  shock  to  detona¬ 
tion  is  unlikely  (but  again  other  detonation  mechanisms 
may  occur  -  DDT,  XDT). 

If  however  the  imparted  pressure  is  above  the  threshold, 
a  detonation  is  very  likely  and  we  must  compare  the  web 
thickness  to  the  run  distance.  Do  we  have  enough  ener¬ 
getic  material  to  allow  the  shock  wave  to  build  to  a 
detonation?  Unfortunately  usually  if  we  have  a  small 
enough  critical  diameter  and  a  low  enough  threshold,  we 
also  have  a  small  enough  run  distance  that  a  detonation 
is  extremely  probable,  and  it’s  back  to  the  drawing  board 
or  time  to  consider  mitigation  devices  or  start  thinking 
up  clever  arguments  why  a  waiver  should  be  granted. 


THIS  A  SIMPLIFIED  EXAMPLE  OF  PROMPT  SHOCK  TO  DETONATION 
TRANSITION  PATH  OF  FRAGMENT  IMPACT  HAZARD  ANALYSIS  PROTOCOL 
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Fig.  2.  Simplified  Hazard  Assessment  Protocol  for  Prompt  Shock  Induced  Detonation  of  a  Cased 
Energetic  Material  Subject  to  Fragment  Impact 


Even  if  you  come  through  this  path  relatively  unscathed, 
you  may  have  to  go  through  it  again,  this  time  with 
damaged  energetic  fill.  The  damage  can  come  from  many 
sources:  handling,  age,  hit  by  previous  fragment,  etc. 
Now  you  must  go  through  the  path,  but  this  lime  with 
the  values  for  damaged  material.  The  damaged  materials 
are  usually  more  sensitive  than  their  undamaged  counter¬ 
part.  For  example,  1%  voids  can  cause  the  initiation 
pressure  to  drop  from  40  kbars  to  20  kbars  (Ref.  3). 

3efore  leaving  this  path,  let's  think  about  what  data  are 
required  for  the  assessment.  We  need  the  critical  diame¬ 
ter,  the  initiation  pressure  threshold  (as  a  function  of 
lime),  the  run  distance  (as  a  function  of  pressure)  of  the 
undamaged  and  damaged  energetic  material,  as  well  as  the 
description  of  the  fragment.  Reference  2  discusses  tech¬ 
niques  for  obtaining  these  data. 

If  there  is  no  prompt  shock  to  detonation,  we  still  must 
be  concerned  with  the  penetration  effects  [Note:  we  con¬ 
sider  SDT  first  because  (1)  it  is  usually  the  worst  reac¬ 
tion,  and  (2)  if  it’s  going  to  occur  it  will  be  the  first 
(and  last)  occurrence,  taking  place  in  microseconds,  for 
that  munition.]  In  the  nenetration  path.  Fig.  3,  we  are 
first  concerned  wit!  i  ether  the  fragment  can  penetrate 
the  case,  that  is.  is  there  sufficient  mass  and  velocity  of 
the  projectile  to  exceed  the  ballistic  limit  of  the  case.  If 
not,  we  have  the  desired  bounce  off/ricochet  Flowever  if 
the  mass  and  velocity  exceed  the  ballistic  limit,  we  must 
ascertain  by  how  much.  If  the  mass  and  velocity  greatly 
exceed  the  ballistic  limit,  the  fragment  may  pass  through 
the  munition  without  igniting  the  energetic  material 
and/or  over-venting  the  case. 

But  if  the  mass  and  velocity  don't  greatly  exceed  the  bal 
listic  limit,  eg,  the  fragment  lodges  within  the  grain, 
we  must  ask  if  ignition  occurs.  If  no.  that's  desirable. 

If  yes,  then  we  need  to  know  the  bum  rate,  bum  area, 
pressure  and  vent  size  (not  independent  parameters)  in 
order  to  determine  if  we  can  vent  the  products  fast 
enough  or  whether  an  explosion  is  probable.  If  we  can 
vent,  we  sull  have  a  fire  problem  to  contend  with.  If  the 


products  a  e  not  vented  fast  enough  an  explosion  can 
occur  and  he  explosion  can  lead  to  other  sympathetic 
reaction  of  adjacent  stores  -  up  to  and  including  sympa¬ 
thetic  detonation. 

To  predict  likely  reactions  in  this  path,  we  must  know 
the  ballistic  limit  of  the  case,  the  mechanical  properties 
of  the  energetic  material,  deformation  of  the  fragment, 
ignilability  of  the  energetic  material,  bum  rate,  and  bum 
area  of  the  energetic  material,  as  well  as  case  confine¬ 
ment  and  venting. 

This  is  a  simplified  example.  The  current  protocol  is  on 
a  2  foot  by  3  foot  chart  and  is  described  in  several  pages 
of  text.  Before  dismissing  this  as  being  unwieldy,  the 
reader  must  be  cautioned  that  (1)  while  the  protocol  con¬ 
siders  all  the  paths,  the  user  doesn't  "go  down”  all  the 
paths,  (2)  the  responses  that  the  user  gives  direct  him 
through  the  path  appropriate  to  his  situation,  and  (3)  the 
protocol  is  being  put  into  user-friendly,  personal  com¬ 
puter  compatible  software.  At  present  it  is  easy  to  use 
and  when  the  software  is  complete  it  will  be  even  easier 
to  use. 

Once  you  have  these  data,  what  do  you  do  with  them? 

The  data  can  be  used  to  construct  a  hazard  assessment 
plot  shown  in  Fig.  4.  Starting  at  the  right  hand  of  this 
figure,  we  first  determine  what  combinations  of  projectile 
mass-velocity  will  cause  prompt  detonation.  This  region 
is  ameliorated  at  the  lower  values  of  mass  (smaller  diame¬ 
ters)  by  critical  diameter  considerations  (for  a  more  com¬ 
plete  discussion  of  critical  diameter  effects,  please 
consult  pg.  140  of  Ref.  2).  Also  shown  on  Fig.  4  are 
the  ballistic  limit  lines  for  the  case  (B.L.  is  the  single 
ballistic  limit  line,  while  2  B.L.  is  the  ballistic  limit  for 
penetrating  one  side  and  emerging  through  the  second 
side.).  Somewhere  between/near  these  lines  is  the  explo 
sion  phenomena  (sometimes  referred  to  as  bum  to  vio¬ 
lent  reaction,  or  BVR  for  short).  The  region  to  the  left 
of  the  ballistic  limit  line  is  the  bounce-off/ricochet  zone, 
while  the  region  to  the  right  of  the  explosion  region  and 
to  the  left  of  the  detonation  region  is  the  zone  of  over- 
vented  reactions. 


THIS  A  SIMPLIFIED  EXAMPLE  OF  FRAGMENT  PENETRATION - -  EXPLOSION 

PATH  OF  FRAGMENT  IMPACT  HAZARD  ANALYSIS  PROTOCOL 
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Fig  3.  Simplified  Hazard  Assessment  Protocol  for  Fragment  Impact/Penetration  of  a  Cased  Energetic  Material. 
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Fig.  4.  Hazard  Assessment  Plot  for  Fragment  Impact  of  a  Cased  Energetic  Material. 


The  actual  locations  of  such  lines  on  a  hazard  assessment 
plot  are  going  to  be  dependent  on  the  various  munition 
designs,  the  environment,  and  the  threat  stimuli,  and  will 
change  as  you  change  the  design,  the  environment,  and 
the  stimuli.  The  point  to  be  made  here  is  that  one  of  our 
goals  has  been  met:  you  can  predict  the  hazard  response- 
based  on  laboratory  and  small  scale  field  tests,  early  in 
the  design  cycle,  and  then  if  you  experience  an  unwanted 
response,  see  the  effects  at  design  changes.  This  will  be 
more  clear  below. 

While  the  cartoon  of  Fig.  4  shows  the  overvented  zone, 
in  reality  at  present  we  have  difficulty  predicting  the 
exact  location  of  this  zone.  We  know  it  exists  and  have 
specific  examples  of  when  it  exists  for  given  munitions 
and  given  threats,  it’s  just  that  we  have  difficulty  in  a 
priori  prediction.  So  instead  of  the  hazard  plot  of  Fig. 

4,  we  use  the  semi  logarithmic  plot  of  Fig.  5.  (This  is 
an  actual  plot  for  a  given  ordnance  ilcm.|  Here  the  three 
areas  (prompt  detonation,  bum  to  violent  reaction,  and 
ricochet)  are  shown  and  one  can  sec  the  general  vulnera 
hilincs  of  this  particular  munition. 

While  knowledge  of  a  munition’s  vulnerability  is  very 
desirable,  it  can  be  extended  to  determine  the  vulnerabil¬ 
ity  of  the  munition  to  a  specific  threat  such  as  detona¬ 
tion  of  an  enemy  warhead  or  detonation  of  one  of  our 
own  warheads  (sympathetic  detonation).  To  do  this  we 
need  a  mapping  of  the  threat  fragments. 

Figure  6  presents  such  a  threat  spectrum  overlaid  on 
the  hazard  map  of  Fig  5  The  circles  show  the  various 
fragments  in  terms  of  their  mass  and  velocity.  The  size 
of  the  circle  is  indicative  of  the  approximate  number  of 
fragments  having  that  mass  and  velocity  (1,  10,  100, 
1000). 

This  overlay  plot  is  obviously  very  valuable  in  showing 
the  vulnerability  of  one  munition  to  another.  In  the 
example  given  in  Fig.  6.  there  are  many  fragments  over 
1000  grains  with  a  velocity  of  approximately 


6800  ft/sec.  (Note:  There  are  7000  grains/lb.  A  1/2  x 
1/2  x  1/2  inch  cube  of  steel  is  approximately  250 
grains.)  Similarly  there  are  several  fragments  of  6600 
grains  (almost  a  pound  each)  with  a  velocity  of  4200 
fl/sec.  These  are  obviously  in  the  prompt  shock  to  det¬ 
onation  region  and  represent  a  serious  problem  that  must 
be  designed  away  or  mitigated. 

Also  shown  on  Fig.  6  by  the  square  symbol  is  the  slan 
dard  U.S.  insensitive  munition  fragment  lest  fragment 
(250  grains  and  8300  ft/sec).  Obviously  this  test  would 
say  that  there  was  not  a  prompt  shock  to  detonation 
problem,  although  the  munition  would  fail  the  test  due  to 
explosion. 

Once  you  know  that  you’re  in  trouble,  plots  can  be  used 
to  help  gel  you  out  of  trouble.  Figure  7  shows  the  eftect 
of  using  various  steel  barriers  in  mitigating  the  impact 
of  the  two  fragments  discussed  previously.  For  example, 
1/4  inch  thick  steel  barriers  will  move  the  1140  gram 
fragments  out  of  the  detonation  region  and  approxi¬ 
mately  3/4  inch  thick  steel  barriers  will  move  the  effects 
of  these  fragments,  not  only  out  of  the  detonation 
region,  but  out  of  the  bum  to  violent  reaction  region. 

Protocols  exist  in  all  of  the  areas.  Reference  2  presents 
several  protocols  that  have  since  been  improved  upon. 
The  hazard  analysis  protocol  for  electrostatic  discharge 
(ESD)  is  not  only  found  in  Ref.  2,  but  an  improved  upon 
ESD  protocol  may  be  found  in  Ref.  4.  The  cook-off  pro¬ 
tocol  developed  by  this  group  differs  from  that  presented 
in  Ref.  2,  and  will  be  published  in  an  open  forum  in  the 
future.  As  mentioned  earlier,  the  protocol  for  bullet/ 
fragment  impact  is  well  developed,  significantly  past 
that  of  Ref.  2,  and  will  be  presented  in  open  forum  in  the 
near  future.  The  shaped  charge  jet  protocol  is  also  well 
advanced.  Discussions  are  currently  underway  as  to 
whether  this  protocol  could  be  merged  with  bullet/ 
fragment  protocol.  In  the  area  of  sympathetic  reaction, 
there  are  three  major  diversions:  (1)  one  donor  on  one 
acceptor,  (2)  one  donor  on  multiple  acceptors  (stack), 
and  (3)  stack  donor  on  stack  acceplor(s). 
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Fig  5  Hazard  Assessment/Response  Plot  of  Fragment  Impart  of  an  Actual  Munition  Component. 


10000 


COUNT 


•  1 

•  10 


0  1000  2000  3000  4000  5000  6000  7000  8000  9000  10000 

VELOCITY,  ft/s 

Fig.  6.  Overlay  of  Actual  Fragment  Distribution  (the  Size  of  Circle  Denotes  Approximate  Number  of  Fragments: 
1,  10,  100,  1000)  From  Threat  Warhead  Overlaid  on  Hazard  Assessment/Response  Plot  of  Fig.  5. 
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Fig.  7.  Effect  of  Placing  Different  Thicknesses  (in  inches)  of  Steel  Barrier  Between  Threat  and  Acceptor 
Munitions.  [Thor  equations  used  in  this  example  ] 


Within  each  of  these  divisions,  one  has  to  worry  about 
spacing:  (1)  no  space  -  straight  shock  transmission. 

(2)  close  spacing  -  distance  between  rounds  less  than 
1/2  diameter  of  round  and  transmission  mechanism  is 
primarily  "case  slap,"  (3)  intermediate  spacing  -  frag¬ 
ments  are  forming  but  not  completely  formed,  more 
strip- like,  and  (4)  large  separation  -  greater  than  2  charge 
diameters  these  are  fully  developed  fragments.  Instance 
4  can  be  handled  by  the  fragment  protocol,  as  can  be 
instance  3,  if  one  remembers  that  the  impactor  is  a  "strip 
of  fragments." 


The  purpose  of  this  paper  has  been  to  present  recent 
activities  using  the  hazard  assessment  protocol  method, 
and  to  show  how  this  method  can  be  used.  The  example 
given  in  this  paper  has  been  for  fragment  impact;  show¬ 
ing  how  hazard  assessment/response  plots  can  be  created, 
and  how  specific  threat  maps  may  be  overlaid  to  deter¬ 
mine  problem  areas  Also  shown  was  how  to  use  these 
overlaid  plots  to  determine  effectiveness  of  mitigation 
efforts. 

These  efforts  are  continually  evolving  at  a  rapid  rate,  and 
readers  are  encouraged  to  contact  the  various  "authors" 
with  comments  and  suggestions. 
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Discussion 


QUESTION  BY  MAY.  US.  Would  you  please  clarify  your  reservations 
about  cook-off  tests.  Are  you  referring  to  both  slow  and  fast  cook¬ 
off  tests? 

ANSWER:  As  described  in  the  text,  and  the  presentation,  the 
emphasis  of  TTCP  WAG-1 1  has  been  on  mechanistic  understanding  so 
that  we  can  have  predictive  capability.  That  is,  we  understand  the 
hazard  situation  so  that  we  can  apply  our  knowledge  to  predict 
hazard  responses  for  given  stimulus  +  environment  +  sample 
situations.  My  reservation  about  most  large  scale  cook-off  tests, 
both  fast  and  slow,  is  that  they  are  go/no-go  tests  that  do  not  yield 
mechanistic  understanding  leading  to  predictive  capability.  While 
go/no-go  tests  are  important  to  demonstrate  successful  compliance 
with  IM  requirements,  they  are  inadequate  in  and  of  themselves 
since  they  are  not  very  well  instrumented,  are  very  costly  for  the 
information  derived,  have  poor  statistical  certainty  and  since  they 
occur  near  the  end  of  the  development  cycle,  and  the  "fixes"  are 
likely  to  be  costly. 

QUESTION  BY  DEFOURNEAUX.  NIMIC;  Thank  you  very  much  for  your 
faith  in  NIMIC.  All  models  I  have  seen,  including  yours,  for  bullet 
impact  assumes  the  bullet  stays  stable.  A  test  in  France  showed  a 
bullet  was  stable  when  it  entered  a  propellant  grain  and  then 
tumbled,  however  there  was  no  reaction.  But  in  most  tests  there  is 
a  reaction  and  you  cannot  tell  if  the  bullet  tumbled  or  stayed  stable. 
What  is  the  value  of  the  test  if  you  do  not  know  how  the  bullet 
behaves  on  each  test? 

ANSWER:  That's  a  very  good  point  to  bring  up,  tests  on  inert 
material  does  show  that  bullets  do  tumble.  Therefore,  the  test  is  a 
valid  test  whether  or  not  the  bullet  tumbles. 
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RiSumd 

Les  Guides  de  vulnerability  sum  trds  importantes  pour 
!e  ddveloppement  des  propulseurs  utilisant  des 
propergols  disc  rets  dnergdtiques.  Parmi  les 
agressions  retenues.  I'impaet  par  balles  est  une 
dpreine  bien  eonnue  etuiiide  uepuis  de  nombreuses 
anndes. 


Toutefois.  au  eours  de  nos  experimentations  sur 
propulseurs  reels,  les  scenarii  traditionnels  eiabores 
pour  eette  agression  ont  ete  mis  en  defaut.  I'n 
nouveau  scenario  a  du  etre  imagine  et  valide  pour 
rendre  compte  de  ce  phdnomdne.  l.e  scenario  met  en 
avant  le  role  joud  par  le  propergol  mais  aussi  de 
Ficon  tondamentale  par  la  conception  du  moteur 
ichurgcment  +  structure). 


I.  expose  prCsente  les  travaux  experimentaux  et 
ddcrit  la  physique  du  phenomdne  en  s'appuvant  sur 
les  travaux  de  modeiisation  qui  ont  ete  associes.  II 
explique  I  ' influence  de  certains  parametres  comme  la 
tcmper.itute  et  la  nature  de  la  structure 


IN  1  !<(  M’i  i  i  jyN 

I. 'impact  de  balle  12.7  P  est.  parmi  les  agressions  de 
vulnerability.  une  des  plus  retenues  Fa  rdponse  des 
chargements  de  propergols  d  eette  agression  petit 
s  etendre  dans  une  large  gamme  qui  va  de  la  non 
reaction  jusqti'5  la  reaction  tree  xiolente  en  passant 
par  des  combustions  on  des  edatements  plus  ou 
moms  violent*.  En  tant  que  reaction  tri-s  violente.  la 
detonation  est  envisagde  soil  directe  pour  des 
propergols  trds  sensibles  au  choc  ou  suite  d  une 
transition  d  partir  de  la  deflagration  pour  des 
propergtds  dangereusement  tragmentahles  For*  du 
developpement  de  propulseurs  utilisant  des 
propergtds  discrets.  energetiquex.  ces  deux  sednarii 
sont  pris  en  compte  et  maitrisds 


Summary 

Vulnerability  studies  are  very  important  for  rocket 
motors  development  using  high  energy  and 
minimum  smoke  solid  propellant.  Among  the 
treated  threats,  the  bullet  impact  is  a  well  known 
test  studied  for  many  years 


Nevertheless,  during  our  experimentations  against 
true  rocket  motor,  tne  well-known  scenarios 
failed.  A  new  scenario  has  been  identified  and 
confirmed  to  take  into  account  the  new 
phenomenon.  This  scenario  implies  the  solid 
propellant  but  also  the  design  of  the  rocket  motor 
(propellant  grain  +  case). 


The  communication  presents  the  experimental 
works  and  describes  the  physics  of  the 
phenomenon  supported  by  the  associated 
modeiisation  studies.  It  explains  the  influence  of 
siime  parameters  like  temperature  and  nature  of 
the  structure. 


A  la  suite  de  la  detonation  retardde  d'un 
propulseur  dcheile  I  lors  d'un  tir  D  la  balle  12.7 
mm  perforante  D  1 127  m/s  en  1987,  des  etudes  de 
comprehension  du  phdnomdne  ont  ete  real isees . 
Cette  analyse  a  montre  que  nous  devions 
considerer  un  nouveau  scenario  prenant  en  compte 
la  presence  d'un  canal  dans  le  bloc  de  propergol 
(11,(2). 

Comme  l'a  montre  la  modeiisation  qui  a  ete 
realisee,  ce  scenario  met  en  jeu  un  phdnomene  de 
type  XDT  dans  la  partie  arridre  du  chargement. 
Ceci  est  d'ailleurs  confirme  par  le  fait  que  ce 
scenario  est  comme  la  XDT  sensible  k  la 
gdometrie.  la  tempdrature  et  les  proprietes 
mecaniques. 


Les  essais  de  comprehension  realises  et  les 
modeiisations  assocides  sont  presences  dans  les 
chapitres  suivants. 


1  -  ESSAIS  EXPERIMENTAL^ 


Preiiminaire  :  rappel  de  l’essai 


Pour  expliquer  la  detonation  retardee  mattendue, 
plusieurs  hypotheses  ont  ete  formuiees  (2).  Tout 
d'abord,  il  a  fallu  reproduire  la  detonation  et  pour 
cela  definir  une  maquette  representative.  Un  bloc 
plein  de  ce  propergol  ne  detone  pas  dans  les  memes 
conditions. 


La  maquette  est  en  propergol  nu  de  diamitre  (0  = 
152  mm),  de  hauteur  (H  =  100  mm)  avec  un  canal 
central  de  diametre  variable  posee  sur  un  bati  selon 
une  section  droite.  Elle  est  soumise  4  l’agression 
radiale  d'une  balle  de  12,7  mm  pertdrante  modeie  FI 
dont  la  vitesse  est  voisine  de  1050  m/s  (figure  1). 


F  igure  1  :  Description  de  la  maquette. 


Validation  Ju  scenario 


II  semble  que  le  scenario  est  plus  complexe  qu'un 
classique  scenaro  de  SDT  ou  TDD.  Fn  effet.  afin  de 
local  user  l  endroit  ou  la  detonation  nait  au  sein  du 
bloc,  et  pour  suivre  la  propagation  de  I'onde  de 
detonation,  des  essais  ont  ete  realises  avec  des  sondes 
4  ionisation.  Ceci  a  permis  de  montrer  que  la 
detonation  est  reproductible  et  a  lieu  aux  environs  de 
150  */s  (dans  la  seconde  partie  du  bloc)  aprfcs 
f  impact  de  la  balle.  Ce  resultat  ne  peut  pas  etre 
confondu  avec  les  phtnomenes  de  SDT  et  DDT  qui 
ont  respectivement  des  temps  caracteristiques  de 
quelques  dizaines  de  ps  et  quelques  centaines  de  a/s. 


-  epaisseur  4  bruler 

-  temperature 

-  structure 

-  vitesse  de  la  balle  et 
dpaisseur  4  bruler. 


L'effet  de  l'gpaisseur  4  hrfller  (web) 


Ce  paramfetre  a  une  grande  importance  puisque 
une  detonation  a  lieu  4  50  mm  alors  qm4  35,  40, 
45  et  55  mm.  nous  observons  seulement  une 
combustion  partielle  et  mSme  fragmentation  du 
matdriau  (figure  2). 


Figure  2  :  Courbe  Probability  de  detonation  en 
fonction  du  web 


resultat  :  0/ 1  =0  d^tonation/un  essai 


En  fait,  il  existe  une  zone  ou  il  y  a  une  nrobabilite 
de  detonation  pour  certaines  dpaisseurs  4  brfller 
d'oCi  1' importance  de  la  geomdtrie  du  bloc  oar  le 
resultat  de  vulnerabilite. 


NB  :  Cette  forme  de  courbe  peut  Idgerement 
dvo’.uer  pour  une  autre  fabrication  du  mSme 
materiau. 


L'effet  de  la  temperature 


3  temperatures  ont  ete  etudides  :  -  45,  +  20  et  + 
65°C. 


La  figure  3  nous  montre  le  changement  de  la  zone 
de  detonation  m  fonction  de  la  temperature. 


Les  photos  RX  montrent  que  la  balle  pdnetre  dans  la 
scconde  partie  du  bloc  aux  alentours  de  100  ps  et  que 
les  fragments  de  propergol  suivent  la  balle. 

Pour  determiner  les  paramfetres  qui  rentrent  en  jeu 
dans  ce  phenomfene,  des  essais  ont  ete  realises  en 
fonction  de  differents  paramfetres  : 


future  3  :  Probability  de  detonation  en  for.cion  du 
web  et  de  la  temperature  du  bloc  (bloc  0  =  152 
mm,  H  =  100  mm) 
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mgmente. 

1  i  /one  de  sensibility  s  el.iren 


-  en  resistance  a  la  fragmentation  dangeieu.se,  le 
passage  de  20  a  80°C  fait  passer  la  VLI  de  >  288 
m/s  4  175  m/s.  pour  18  MPa. 

-  a  l'lAD.  le  nombre  de  cartes  va  de  125  cartes  a 
20°C  a  150  cartes  a  75°C. 

-  i  1' aptitude  a  la  detonation  contre  paroi  plane,  la 
vitesse  seuil  dvolue  de  480  m/s  a  20°C  a  450  m/s 
a65°C 

-  sur  la  vitesse  de  propagation  des  defauts. 


Effet  de  la  structure 


Quelques  essais  a'rec  quatre  nature  d  enveloppes 
ont  ete  realisees  :  acier.  carbone.  feuille  d'ac.er 
rouiee  coliee.  et  PMMA. 


l.es  premiers  resultats  obtenus  montrent  que  : 

•  I'en  eloppe  en  acier  ordinaire  est  pCnaiisante  par 
rapport  au  bloc  nu  puisque  le  seuil  ie  detonation 
cn  epaisseur  a  boiler  est  plus  faible  (40  mm  au 
lieu  de  50  mmi. 


-  l.es  envelonnes  carbone,  feuille  d' acier  rouiee  ct 
PMMA  semblent  ameiiorer  le  comrortement  des 
maquettes  puisque  pour  des  epaisseurs  pour 
lipsquelles  >1  y  avait  detonation  sur  bloc  nu.  la 
detonation  dlsparait  avec  ces  structures.  Un 
programme  compiemcntaire  est  en  cours  de 
realisation  pour  confirmer  les  resultats. 


Ejjet  de  I'cratsieur  a  briber  et  de  la  vitesse  d*  la 
bade. 


v  n  plan  ./experience  a  ete  eiahore  en  fuisant 
carter  les  deux  paramCtres  :  -'paisseur  a  bruler  et 
vitesse  de  baile. 


Trois  vitesses  '’.a  ete  etudiecs  : 

0  U).  1050  et  1140  m/s.  ceci  au.x  epai.s.-curs  a 
L  ruler  variant  de  45  5b  mm. 

La  figure  4  nous  rmmre  la  reponse  du  propergol 
en  tonciion  de  ces  2  paramCtres . 


A  55  mm.  on  n  observe  auci  ne  detonation  quelle 
que  S(>it  la  vitesse  de  t  baile  dans  le  domaine  930 
-  1  140  m  s. 

l.es  domaines  du  plan  sont  i  'rminer  a  fin  de 
pouvoir  eonelure  S  ’r  Ls  au  -es  epaisseurs. 


’one  de 
drtocatlon 


fe  role  de  la  tempe.  attire  a  Je;a  ete  mis  cn  evidence 
ver  les  tests  suiv.mts 


Figure  4  :  probability  de  detonation  du  propergol  en 
t'onction  de  la  vitesse  de  halle  et  de  Ldpaisseur  a 
boiler. 
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Seul  le  noyau  de  la  balle  est  moddlise  avec  une 
vitesse  de  1050  m/s.  Cette  vitesse  correspond  a 
une  vitesse  pour  laquelle  la  maquette  de  reference 
detone  quasi  systematiquement  k  20°C.  Le  code 
LS-DYNA  2  6  (3)  a  dte  utilise  pour  reaiiser 
I 'etude. 


La  maquette  a  ete  modeiisee  avec  1541  elements 
et  1661  noeuds  en  utilisant  un  module  drosif 
(figure  5). 


Vile*  sc  dc  baUc  I  nv'») 


Figure  5 


(.''inclusions 


d  =  152  e  =  50  erosion  v  =  1050  m/s 


De  tous  res  essais  experimeniaux  ressortent  plusieurs 
parametres  .mportants,  jouant  un  role  dans  le  rdsultat 
A  l  epreuve  d'lFB  : 


nature  de  la  structure  et  epaisseur  <1  bruler  de 
pri'pergol  (architecture), 

-  vitesse  de  la  bade. 

-  temperature  du  propergol. 


:  SJ  V  1. ATION  Nl.  MLRIOLF  DF  L'IMPACT 
1 ) L  B  '■  LI.L 


2 _  L_L ri.0 c:pe  de  L  simulation 

La  geometric  ddcrite  dans  ce  p«r  tgraphe  est  cede  du 
.as  le  reference  et  se  Jetinir  comme  suit  . 

-  Jiamitre  exterteur  :  0  ,  -  152  mm 

-  Jiametre  du  canal  :  (p .  ~  50  mm 
hauteur  :  H  =■  100  mm. 


1  a  traieetoire  de  la  baile  suivant  un  diamdtre  avec 
des  ett'ets  relativement  localises,  a  amene  une 
model tsation  en  axisvmetrique.  Les  evlindres  sont 
ainsi  modeiises  par  Jes  spheres.  Cet'e  modeiisatton 
permet  d'optimiser  les  temps  de  calcul  tout  en  restant 
representatif  d’ur.  point  de  vue  phenomenologique. 
On  garJera  ainsi  A  1'espr.t  que  les  mveaux  de 
pression  ne  sont  pas  A  prendre  tn  compte  dans 
i'absolu.  [.'analyse  est  qualitative  et  donne  un  ordre 
de  grandeur  quantitatit 


Avec  ce  modeie.  les  mailles  depassant  la 
deformation  plastique  d'erosion  disparaissent.  ee 
qui  entralne  1  erosion  du  materiau  le  plus  tendre. 


La  simulation  a  ete  mende  jusqu'A  perforation 
complete  de  la  maquette.  Lorsque  I  on  analyse 
l'histogramme  de  pression  d'un  element  place 
proehe  de  i'axe  de  symdtrie  &  mi-dpaisseur  de  la 
partie  arridre  point  A,  on  constate  deux  pics  de 
tension  avant  la  compression  due  A  la  baile  (figure 
6). 
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Figure  b 
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Figure  1 
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!  'impact  Je  ia  hallo  gtinire  une  onde  de  compression 
spherique  qui  au  niveau  du  canal  se  decompose  en 
deux  omles  pour  le  comourner  Cos  ondcs  s  uttenuent 
iris  vite  en  raison  en  particular  des  ddtentes 
lateraies.  idles  arrivent  it  environ  70  jus  au  niveau  du 
point  \  en  se  toealisant  I!  ne  reste  plus  que  quelques 
di/aines  de  bars 


l  ne  tension  due  aux  ddtentes  lateraies  et  au  trou  de 
pertoration  en  arru're  de  la  baile  remonte  egalement 
dans  le  pronergol.  Cette  tension  se  cumule  a  celle 
due  a  la  rdtlexion  de  I  'onde  de  compression 
preceJente  pour  former  le  premier  pic  de  tension 


i  orsque  la  baile  atteint  le  canal  central,  la 
compression  genCrCe  par  la  pointe  de  la  baile  se 
propage  dans  la  maquette  en  contournant  le  canal 
i figure  7i. 


Ces  deux  ondes  de  compression  attenuees  en 
paniculier  par  des  detentes  lat»?rales  se  toealisant 
dans  la  partie  arrifire.  Cette  onde  focalis6e  passe 
au  niveau  du  noeud  de  mesure  entre  90  et  100  fjs. 
La  reflexion  sur  la  surface  arriere  de  la  maquette 
gen&re  des  tensions  qui  redescendent  dans  la 
partie  arriere  juste  avant  I'arriv^e  de  la  baile. 


On  a  ainsi  le  deuxiime  pic  qui  apparait  sur  les 
courbes  (figure  6).  Ce  deuxiime  pic  de  tension 
(330  bar)  plus  <Siev«i  que  le  premier,  atteint  un 
niveau  tel  que  Lon  peut  supposer  le  pronergol 
endommage. 


La  detonation  obtenue  sur  ce  type  de  maquette 
peut  s'expliquer  par  I'endommagement  pr^aiable  a 
I  impact  de  la  baile  de  la  partie  arriere  du 
systime.  Le  materiau  ainsi  endommage  est  plus 
sensible  pyrotechniquement  au  choc. 


2.3  -  Comparaison  avec  un  evlindre  sans  canal 


La  maquette  pleine  a  site  discretisee  par  2267 
elements  et  2458  noeuds  (figure  8). 


Figure  X 
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Le  depouiilement  des  calcuis  a  dtd  effectud  en  se 
plagant  au  meme  niveau  sur  I 'axe  de  symdtrie  qae 
prdcddemment. 


On  constate  I'absence  de  deuxidme  pic  de  tension 
(figure  9). 
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Le  schema  de  propagation  des  ondes  est  un  peu 
different  en  raison  de  i' absence  de  canal  central. 
L'onde  de  compression  qui  se  propage  a  environ 
2200  m/s  dans  le  propergol  se  rdfldcnit  sur  la 
surface  libre  arrifere  donnant  des  tensions.  Ces 
demises  sont  faibles,  I'attdnuation  de  l'onde  de 
compression  6tant  importante.  La  compression 
entretenue  par  la  perforation  de  la  balle  empSche 
d'ailleurs  cette  zone  de  tension  de  se  ddvelopper. 
L' amplitude  de  cette  compression  est,  dans  les 
mdmes  conditions  de  calculs  deux  fois  plus  faibie 
que  dans  le  cas  prdc6dent.  II  est  raisonnable  de 
considdrer  que  la  balle  perfore  un  matdriau  qui 
reste  "homogdne''  mdcaniquement  pendant  toute 
1 'agression  (ceci  en  amont  de  la  balle). 


2.4  -  Correlation  vitesse  de  la  balle  -  dpaisseur  a 
boiler 

Le  present  paragraphe  cherche  a  montrer 
1 'importance  de  la  synchronisation  entre  la  vitesse 
de  la  balle  et  le  trajet  parcouru  par  les  ondes  de 
pression. 

D  autre  part,  la  vitesse  de  balle  induit  les  niveaux 
de  tension  enregistrds.  Les  geometries  ainsi 
etudiees  sont  : 

-  diamdtre  exterieur  <pg  =  152  mm, 

-  diamdtre  du  canal  : 

.  01c  =  70  mm  (ep.  40  mm) 

.  <p2Q  =  30  mm  (dp.  60  mm) 

-  hauteur  maquette  H  =  100  mm. 


—  >  Maquettes  d'dpaisseur  de  propergol  60  mm 


Deux  vitesses  differentes  ont  ete  envisagees  pour 
la  balle  :  v  =  950  m/s.  v  =  1050  m/s. 


A  la  vitesse  standard  de  l'essai,  c’est  a  dire  a  1050 
m/s,  on  constate  figure  10  que  la  tension  qui  se 
developpe  a  1'arriere  de  la  maquette  est  faibie. 

Elle  n'atteint  que  286  bar  (t  —  88  ys)  ce  qui  est 
trop  faibie  pour  endommager  de  faqon  notable  le 
propergol. 
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Cette  premiere  tension,  due  a  la  reflexion  des  ondes 
de  compressions  issues  de  1'  impact  de  halle  en  face 
avant,  n'est  jamais  suffisante  pour  gdn^rer  assez 
d'endommagement.  11  dtait  done  int^ressant 
d'envisager  une  vitesse  de  halle  plus  faible  pour 
laisser  les  ondes  se  combiner  de  faqon  a  avoir  le 
deuxiime  pic  de  tension  mis  en  Evidence  lors  d'une 
etude  pricedente  .  La  compression  due  i  la 
perforation  de  la  partie  arnire  de  la  maquette  par  la 
halle  ne  gdnitre  pas  de  reaction  pyrotechnique. 
i  endommagement  n'dtant  pas  sutfisant. 


Pour  une  vitesse  initiate  d' impact  de  950  m/s.  on 
constate  figure  1 1  que  les  niveaux  de  tension  dans  la 
partie  arriere  de  la  maquette  restent  faibles.  Le 
deuxieme  pic  de  tension  reste  faible  car  la  bade 
arrive  encore  trop  vite.  Par  contre.  si  Lon  envisage 
une  vitesse  de  halle  plus  faihle  ies  niveaux  de 
solicitations  sent  insuffisants  pour  obtenir  une 
reaction  pyrotechnique. 


Le  fait  uue  la  vitesse  de  la  halle  soit  plus  faible 
permet  done  de  voir  1’allde  et  le  retour  des  ondes 
dans  ia  partie  arri&re  de  la  maquette. 
L'endommagement  restera  faible  et  ne  rendra  pas 
le  matdriau  plus  sensible  2  i'impact  de  la  halle. 


A  la  vitesse  d'impact  standard,  le  signal  de 
pression  tracd  en  tbnetion  du  temps  dans  la  partie 
arriere  de  la  maquette  prdsente  la  mdme  allure  que 
dans  le  cas  de  la  maquette  pleine.  Le  canal  n'est 
done  pas  assez  important.  Exptlrimentalement 
aucune  reaction  pyrotechnique  n’a  dtd  enregistrde 
avec  une  telle  maquette. 


—  >  Maquettes  d’^paisseur  de  propergol  40  mm 


Deux  vitesses  d'impact  ont  Hi  envisages  pour 
i’6tude  de  ce  type  ue  maquettes  :  vl  =  1050  m/s 
et  v2  =  1250  m/s. 

A  la  vitesse  de  1050  m/s  on  retrouve  bien  le  26me 
pic  de  tension  mis  en  Evidence  lors  de  l'£tude  de 
comparaison  entre  la  maquette  pleine  et  la 
maquette  d’£paisseur  50  mm.  Cette  tension  plus 
faible  semble  insuffisante  pour  g6n6rer  un 
endommagement  sufflsant  du  propergol.  Le  signal 
de  pression  &  mi-£paisseur  de  la  partie  arrifere 
point  A  de  la  maquette  ect  foumi  figure  12. 


Figure  12 

d  =  152  e  =  40  v  =  1050  m/s 


On  peut  done  dire  qi  '  si  la  balle  a  une  vitesse 
trop  grande  elle  prdefedera  la  formation  du  second 
pic  de  tension  emp&chant  I'endommgement  du 
propergol  et  par  D  mgme  sa  sensibilisation  au 

choc. 
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Inversement  si  la  vitesse  de  la  balle  est  trop  faible, 
on  aura  formation  du  deuxifcme  pic  de  tension 
mais  d'un  niveau  trop  faible  pour  endommager  le 
propergol.  En  correlation  avec  cela  1'onde  de 
compression  due  au  second  impact  sera  plus 
faible. 
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Pour  la  vitesse  de  1250  m/s,  la  balle  arrive  avant  que 
les  ondes  se  soient  combines  de  fagon  i  gyndrer  de 
la  tension  dans  la  partie  arriire  de  la  maquette  (figure 
13) 


3  -  CONCLUSIONS 

Ces  travaux  ont  montre  que  la  mise  en  detonation 
des  moteurs  &  propergol  solide  lors  d'un  impact 
de  balle,  pouvait  s'expiiquer  par  dautres  scenarn 
que  les  traditionnels  DDT  et  SDT.  Notamment 
pour  les  chargements  a  canal,  le  mecanisme  de 
XDT  pouvait  Stre  exacerbe  pour  des  epaisseurs  ou 
vitesses  de  balle  trfes  particuliferes.  Ce  r&ultat 
conftrme  une  nouvelle  fois  que  la  vulnerability 
n'est  pas  qu  un  probieme  de  sensibility  du 
propergol.  En  fait,  l'immunity  d’une  munition 
depend  de  son  architecture  et  doit  Stre  prise  en 
consideration  comme  une  performance  lors  de  son 
dimensionnement. 


Ce  travail  est  finance  par  le  STPE  du  Ministere 
Frangais  de  la  Defense. 


figure  13 

d  =  150  e  =  40  erosion  v  =  1250  m/s 
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Discussion 


QUESTION  BY  VICTOR.  US:  Have  you  varied  the  diameter  of  the 
charges  tested  in  these  bullet  impact  tests? 

ANSWER:  Yes,  it  is  a  parameter  we  vary.  However,  at  the 
experimental  level,  we  have  to  limit  ourselves  as  to  the  size  we  can 
test.  Indeed,  for  the  charge  diameters  of  about  200  mm,  in  the 
barrel  the  bullet  could  deviate  so  that  the  thickness  of  the 
propellant  in  the  second  part  is  not  precisely  known,  and  is 
therefore  a  parameter  for  further  testing.  Nevertheless,  we  are 
actually  doing  tests  of  170  mm  caliber. 

QUESTION  BY  VAN  PER  STEEN.  THE  NETHERLANDS:  How  did  you  model 
the  increase  in  sensitivity  of  the  damaged  propellant  in  your 
simulations? 

ANSWER:  On  the  one  hand,  Tom  Boggs  and  his  colleagues  at  NWC  have 
shown  that  a  freshly  damaged  propellant  has  a  sensitivity  which 
may  be  multiplied  by  a  factor  of  10.  On  the  other  hand,  through  our 
own  modelling,  we  have  shown  that  the  XDT  phenomenon,  for  example 
in  the  gap  test,  can  be  explained  by  a  more  important  sensitivity 
parameter  of  the  damaged  propellant  caused  by  the  passage  of  the 
first  compression  wave  through  the  propellant  and  the  resultant 
internal  stress  which  follows. 

QUESTION  BY  MENKE.  FRG:  Does  the  shock  modelling  take  care  of 
different  mechanical  properties  in  a  propellant  with  viscoelastic 
mechanical  properties? 

ANSWER:  Yes,  the  modelling  does  take  into  account  the  mechanical 
properties  of  the  propellant. 
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Summary 

An  unacceptable  response  from  a 
munition  c$n  be  obtained  by  a  variety 
of  mechanisms  associated  with  the 
impact  of  a  projectile.  A  prompt 
response,  leading  in  many  cases  to 
full  detonation,  ip  usually  linked  to 
the  stimulus  provided  by  tfre  jmp^ct 
shock.  Although  shock  initiation 
forms  only  a  papt  of  the  thpeat  posed 
by  projectile  impact,  its  imoortance 
merits  the  present  study  into  the 
effectiveness  of  protective  barriers, 
and  some  of  the  limits  associated  yith 
the  phenomenon.  This  paper  examines 
the  protection  given'  py  barrier 
thickneps  and  material  against  a  range 
gf  projectile  geometries  for  impacts 
involving  a  given  explosive.  The  type 
gf  geometry  which  can  cause  shock 
initiation  is  discussed  and  the  nature 
of  the  shock  eximined.  Differences 
between.  ID  and  divergent  shock 
initiation  are  explored. 


1.  INTRODUCTION 

In  atteipptipg  to  protect  munitions 
from  projectile  attack  it  is  important 
to  understand  the  hazards  posed  by 
various  geometries  (and  orientations) 
of  projectile,  and  the  protection 
given  by  different  baprier  thicknesses 
and  materials.  In  this  context  one  of 
thg  major  hazards  to  a  munition 
griginates  from  tpe  production  of  the 
impact  shogk  and  its  transmission  into 
the  explosive. 

In  the  past  extensive  effprt  pas  beeh 
devoted  to  developing  criteria  aimed 
at  predigting  the  explosive's  response 
to  the  simplest  of  such  shocks,  le  the 
ID  shock  such  as  that  produced  by 
flying  plate  impact.  However,  the 
majority  of  lmpagt?  that  are  likely  to 
occur  to  a  munition  (such  as  those 
from  bullets  and  fragments)  do  not 
produce  such,  a  phock,  either  because 
of  the  projectile  geometry  or  the 
thickness  and  composition  of  the 
barrier,  The  most  ^Likely  form  of 
shock  to  be  transmitted  into  the 
eyplos;ve  is  one  ip  which  the  flow  is 
diverging,  producing  a  shock  that 
instantly  starts  po  decay  with  tiijie 
and,  for  the  majority  of  velocities  m 
the  bullet/fragment  regime,  has  a 


decreasing  pressure  profile  linking 
the  spock  to  the  barrier  or 
projectile. 

A  systematic  experimental  study  is 
reported  in  thjs  paper  of  the  effect 
of  both  projectile  geometpy  and 
barrier  conditions  gn  initiation 
threshold.  This  study  illustrates  the 
differences  beween  ID  and  divergent 
shocks  in  producing  detonation. 
Theoretical  work  links  such 
differences  to  the  effect  of  the 
degree  of  shock  divergence,  and 
formulates  $  criterion  which  predicts 
the  initiation  theshold  for  divergent 
shocks . 


2.  EXPERIMENTAL  ASSEMBLY 

Thg  majority  of  results  reported  in 
phis  paper  were  obtained  from  impacts 
into  a  charge  that  was  100mm  long  by 
57mm  diameter.  The  charge  was 
conpaingd  in  a  9mm  thick  steel 
cylindrical  casing,  open  at  ope  end. 
The  open  end  of  the  charge  ( which  was 
subject  to  impact)  was  either  bare  or 
covered  by  a  barrier  of  steel  or 
aluminium.  The  explosiye  used  yas 
PE4 .  a  mouldable  plastic  explosive 
conpaining  88%  RDX  and  12%  grease  as 
ap  merp  binder.  Material  details  are 
listed  in  Table  1. 


T^ble  1.  Hugoniot  data  assuming  a 
linear  shock/particle  velocity 
relationship  (w=A+Bu) 


Material  Density 
(Mg/m#) 

Mild  Speel 
Aluminium  2.68 

PE4( solid  1.60 

phase) 


A 

(kin/s) 

3.596 
5.27 
2 . 5+ 


B  Ref 


1.6863 
1.37 
2 . 0+ 


1 

2 


*  Densities  foi  PE4  experiments  were 
7.81  Mg/m3  for  the  projectiles  and 
7.78  Mg/m3  for  the  barrier. 


+  Estimated  values  for  A  and  B.  In 
the  above  w  ps  the  shock  and  u  the 
particle  velocity. 


A  steel  projectile  25.4mm  long  by 


13.15mm  diametep  was  used.  Three 
types  ,  of  tip  geometry  were 
investigated;  flat  ended;  conical 
tips,  and  rounded  ends.  The  internal 
angle  of  the  conical  tips  was  varied 
frorp  165°  to  30°.  The  round  nosed 
projectiles  had  radii  of  curvature  of 
6, 6mm  and  8.2mm.  In  all  instances  the 
tip  geometry  was  attached  to  the 
13.15mm  diameter  rod.  The  projectiles 
were  housed  m  a  nylon  sabot  and  fired 
from  a  30mm  RARDEN  gun. 


The  event  was  back-lit  by  flash  bulbs 
and  filmed  using  a  1/4  height  fastax 
camera  operating  at  aoout  30,000  fps. 
The  f i lip  record  was  used  to  measure 
the  projectile  velocity  and  to  chegk 
fop  yyw,  Ip  those  experiments  in 
which  initiation  delays  were  measured, 
a  make-foil  was  placed  on  the  front  of 
the  charge  ana  ionisation  proves 
placed  in  contact  with  the  explosive 
at  a  number  of  positions  on  its 
surface. 


3.  EXPERIMENTAL  RESULTS 

3.1  Effects  of  Projectile  Geometry 
and  Barrier  Thickness 

Figure  1  shows  the  ti.reshpld 
velocities  required  for  detonation 
when  ,the  charge  was  covered  by 
aluminium  barriers  of  various 
thicknesses.  The  results  for 
flat-ended  (180°)  and  four 
conical-tipped  prgjegtiles  are  shown. 
The  error  bars  indicate  the  spread 
between  the  lowest  velocity  to  produce 
detonation,  and  the  highest  to  produce 
a  non-detonation.  Experiments  were 
also  conducted  using  90°  and  30° 
c ones,  but  no  detonations  were 
recorded  up  to  the  maximum  velocity  of 
the  gun  (about  2000  m/s) .  Figure  2 
compares  results  for  the  rouna-ended 
pods  with  those  fpom  flat-po$ed 
iraoagts,  again  using  aluminium 
barriers  of  various  thicknesses. 

Examination  of  figure  1  show?  ?  parked 
difference  between  the  initiation 
threshold  for  the  flat-endpa  rod,  and 
those  of  the  conical-tipped 
projectiles.  In  the  latter  type  of 
pro] act ile ,  oonc  ar.^ico  between  1^0° 
andJ165°  produce  thpeshold  data’  which 
are  rgmarkaply  similar,  file  threshpld 
velocity  rises  almost  linearly  with 
increasing  barrier  thickness  for  a 
given  cone  angle,  and  the  change  in 
angle  produces  an  almost  constant 
shift  (allowing  for  experimental 
uncertainty)  I,n  the  threshold 
velocity.  This  is  ;n  contrast  to  the 
flat-ended  projectile  which  shows 
quite  a  complex  curve  *  although  for 
the  thicker  barriers  this  curve  starts 
to  approach  the  behaviour  exhibited  by 
the  cbnes.  The  emergence  of  a  similar 
pattern  is  shown  in  figure  2  for  the 
round7nosed  rods,  although  the 
restpicted  amount  of  data  does  not 
permit  such  generalised  statements. 

Thi?  complexity  of  the  flat-nosed 
projectileis  ,  threshold  curve  raises 
the  possibility  of  changes  m 


initiation  mechanism  with  increasing 
Ijarner  thickness.  For  large  changes 
in  mechanism,  eg  between  shock  to 
detonatiop  transition  (SDT)  ynd 
deflagration  to  detonation  transition 
(!?DT),  it  was  expected  that 
significant  differences  in  the  time  of 
explosive  response  would  be  observed. 
Film  records,  which  have  an  interframe 
time  of  about  30(is,  showed  no 
observable  difference  for  responses 
from  thj.n  and  thick  metal  barriers. 
To  obtain  a  more  accurate  assessment 
of  delay  time,  a  pumber  of  expepiments 
were  performed  in  which  ionisation 
probes  were  placed  at  various 
positipns  on  the  surface  of  the 
explosive.  These  probes  gave  arrival 
times  of  the  detonation  wave  for 
impacts  designed  to  be  just  above  the 
initiation  threshold.  The  results 
show  that  for  all  thicknesses  of 
aluminium  barrier  tested  (3mm,  9mm  and 
10mm)  there  is  less  than  a  $^s  delay 
for  the  onset  of  detonation  once 
account  has  been  taken  of  the  times 
for  the  shock  to  traverse  the  barrier, 
and  for  the  detonation  front  to  reagn 
the  probes.  Consequently  there  is 
unlikeiy  to  be  a  large  scale  change  of 
mechanism  fop  these  impacts,  altnoygh 
changes  within  the  SDT  mechanism  will 
be  snpwn  later  in  this  paper  to  almost 
certainly  take  place. 


The  efficiency  of  the  three  types  of 
projectile  geometry  at  ipitipting 
covered  explosives  is  shown  in  figure 
3.  tfere  the  average  of  eagh 
detontion/non-detopatiqn  point  is 
taken.  This  velpcity  is  normalized  by 
the  corresponding  bpre  threshold 
velocity  for  the  particular  type  of 

Frojectile.  It  can  be  seen  fhat 
lat-nosed  rods  are  the  most  efficient 
at  initiating  the  explosive,  although 
at  very  thigk  barriers  (above  about 
7mm  of;  aluminium)  the  slope  of  the 
normalized  velocity  curve  is 
approximately,  parallel  to  that  of  the 
cones.  Conical  projectiles  follow 
very  similar  paths  for  cone  angles  of 
12Q°  and  above.  Less  efficient  than 
this  class  of  cone  (although  based  on 
somewhat  limited  data)  is  the 
round-nosed  tip. 


3 . 2  Effect  of  Barrier  Material 


figupe  4  shows  the  difference  m  the 
initiation  thresholds  for  PE4  covered 
py  steel  and  alumini,un).  The  apparent 
increase  m  sensitivity  pr  the 
explosive  covered  by  thin  aluminium  is 

Eostylated  as  being  the  result  of  the 
arner's  Hygonfot  lying  between  those 
of  the  projectile  and  explosive.  A 
morq  exhaustive  discussion  of  this 
supject  is  givey  m  ref. 3.  The  main 
point  to  note  is  that  about  5mm  of 
aluminium  is  required  to  return  to  a 
threshold  velocity  equal  to  an  impact 
into  the  bare  explosive. 

A  limited  number  of  experiments  were 
carried  out  using  a  10mm  thick  rubber 
barrier.  Three  experiments  wgre 
performed  at.  about  the  same  velocity 
7  2000  m/s  with  the  flat-ended  rod), 
but  with  different  degrees  of  confine- 
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ment.  £  plastic  case,  and  a  plastic 
case  with  steel  backplate  did  not 

Produce  detonation,  while  the  cjiarge 
etonated  in  a  steel  case  but  with  a 
delay  of  the  order  of  10-100  4s.  The 
combination  of  relatively  Jong  delay 
(compared  to  a  similar  thickness  of 
aluminium)  and  the  need  for 
confinement  (the  response  with  the 
aluminium  barrier  wap  tlje  same 
regardless  of  case  material)  indicates 
a  more  fundamental  change  in  mechanism 
then  that  observed  for  barrier 
thickness.  It  seems  clear  that  the 
rubber  does  not  transmit  a  shpck  of 
sufficient  amplitude  and  duration  to 
cause  initiation  at  this  impact 
velocity.  However  the  exact 
initiation  mechanism  under  these 
conditions  is  not  known  at  present. 


4.  THEORETICAL  INTERPRETATION 

4.1  Effect  of  Projectile  Geometry 
on  Initial  shock  structure 

Unless  the  velocity  of  the  projectile 
as  it  penetrates  the  explosive  is 
supepsgnic  (dipcussioijs  about  such 
conditions,  which  mainly  apply  to 
ghaped  charge  jet  impacts,  are  given 
m  ref. 4),  the  initial  impact  shpck 
quickly  separates  from  the  prgjectile 
and,  unless  reaction  is  triggered, 
decays  as  rarefactions  from  the 
periphery  move  into  the  shocked 
material.  The  quantity  of  explosive 
shocked  to  £  given  level,  and  the 
subsequent  history  of  that  mapepipl, 
depends  critically  upon  the  initial 
shock  formation,  which  in  turn  depends 
upon  the  geometry  of  the  projectile. 
Figure  5  snows  a  2D  Eulerian  hydrocode 
simulation  of  the  shock  structures 
genpratgd  for  the  three  types  of 
projectile  impacting  bare  explosive  at 
the  same  velocity. 

A  f fat-nosed  rod  produces  a 
significant  volume  of  ID  shock  which, 
for  relatively  thin  barriers,  cag  be 
transmitted  into  thg  explosive. 
Theoretical  considerations  (ref,?) 
show  that  some  10mm  of  aluminium  is 
required  to  prevent  any  transmission 
of  ID  shogk  fpom  the  IT.  15mm  diameter 
steel  projectile.  However,  only  very 
small  volumes  of  ID  shock  are 
generated  in  the  explosive  for 
aluminium  barriers  thicker  than  about 
7mm,  Figure  3  sfiows  thqt  the  ID  shock 
regime  is  associated  with  the  lowest 
jmpagt  velocity  needed  to  cause 
initiation.  For  thicker  bapriers  a 
diverging  shock  is  passed  into  the 
explosive,  similar  in  character  to 
thope  generated  by  conical 
projectiles,  although  different  m 
amplitude  (a  fuller  discussion  on  the 
differences  between  these  projectiles 
is  given  in  the  next  section). 


Impacts  by  conical  projectiles  will 
not  produge  a  ID  shock  volume, 
although  high  pressures  are  produced 
in  the  divergent  shock  providing  the 
cgne  angle  ana  velocity  are  such  as  to 
give  a  supersonic  impact  along  the 
conical  surface.  Figure  5  shows  that 


for  puch  an  impact  the  shock  structure 
consists  of  a  transient,  small  volume 
of  shock  whj.ch  is  af  very  high 
pressure.  This  shock  is  asspcfafed 
with  an  annulus  which  is  the  mifial 
region  of  contact  between  the  conical 
surface  and  tjie  target,  and  as  such 
moyes  with  this  contact  region.  The 
m^m  phock  volume  behind  this  contact 
ring  is  at  a  much  lower  pressure  with 
a  flow  velocity  away  from  the  axis  of 
symmetry.  The  divergent  nature  of 
this  shock  means  that  parameters  sugh 
as.  pressure  and  internal  energy,  in 
this  volume  fire  below  those  obtained 
for  ap  equivalent  impact  velocity 
producing  a  ID  shock.  Where  the 
contact  ring  is  formed  in  the 
explosive,  it  ip  postulated  that  the 
transient  and  highly  localized  natupe 
of  the  contact  shock  pajcep  it 
unsuitable  to  be  the  initiation 
mechanism.  No  sooner  has  material 
been  raised  to  this  elevated  pressure 
than  it  expands  and  cools  to 
conditions  in  the  larger  volume,  the 
theory  advanced  in  the  next  section 
assumes  that  it  is  the  larger  and  less 
volatile  divergent  shock  volume  thpt 
provides  initiation.  This  is 
certainly  true  for  most  covered 
explosives  where  pnly  the  divergent 
shock  is  transmitted  across  the 
barrier. 

The  dividing  line  between  super sgnic 
and  subponic  cone  impacts  is  obtained 
by  npting  that  the  outward  radial 
velocity  of  the  contagt  ring  along  the 
target  surface  is  given  by 
v/tan(90-o/2J ,  where  v  is  the  impagt 
velocity  and  <j>  is  the  conp  angle  m 
degpees.  By  equating  this  to  the 
ambient  sound  speed  in  the  target 
material  (approximated  by  A  for 
materials  m  Tqble  1),  the  critical 
impact  velocity  is  obtained. 
Supersonic  impacts  are  generated  m 
bare  PE4  for  angles  above  140°  at  900 
m/s,  and  above  100°  at  2000  m/s.  In 
these  impacts  release  waves  cannot 
crops  the  contact  ring  until  the 
cgnical  surface  is  fully  in  contagt 
with  the  targgt.  In  contrast  subsgnic 
impacts  immediately  ajlow  rarefactions 
across  the  contact  ring  to  erode  the 
already  divergent  shock.  Hence  the 
difficulty  of  causing  initiation,  even 
for  bare  impacts,  with  90°  and  30° 
cones,  both  of  which  are  subsonic  at 
2000m/s. 

Rgund-r.osed  projectiles  produce  a 
similar  shock  structure  to  tfat 
described  for  the  cone  in  qualitative 
tprms,  but  hqve  quantitative 
differences.  Conditions  at  the  contact 
ring  start  by  l^ing  supersonic  near 
the  initial  point  of  contact,  and 
become  subsonic  as  the  angle  between 
the  target  and  a  tangent  to  the  curved 
projectile  surface  increases.  Indeed 
the  radial  velocity  of  the  cgntact 
ping  initially  tends  to  infinity, 
inducing  a  ID,  or  near  ID.  sljock  m  a 
smajl  volume  of  target  material.  The 

?rojectile  curvature  then  produces  an 
ncreasmgly  divergent  shogk,  and 
eventually  allows  rarefactions  to 
cross  the  contact  ring  before  the 
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projectile  surface  is  in  complete 
contact  with  the  target.  For 
comparison  with  other  projectiles,  the 
shock  structure  evolves  from  an 
approximation  to  a  flat-nosecj  rod, 
through  a  supersonic  cone  and  finishes 
as  a  subsonic  cone. 

The  overall  degree  of  shock  divergence 
for  a  rpund-posed  iippact,  ancj  its  role 
m  initiation,  is  difficult  to 
estimate.  Ref ,5.  postulates  that  the 
near  ip  portion  of  the  spook  is 
Responsible  for  triggering  initiation 
m  bare  charges.  However,  this  would 
not  usually  lie  transmitted  across  a 
harrier,  apd  the  divergent  shock  that 
is  transmitted  will  nave  undergone 
areater  erosion,  due  to  the  subsonic 
portion  pf  the  shock  structure t  than  a 
supersonic  cone  of  the  same  diameter. 
Hence  the  trend  shown  pn  figgre  3  or 
the  round-nosed  projectile  being  less 
efficient  in  initiating  covered 
explosives  than  a  supersonic  cone. 

Differences  in  the  bare  (and 
unconfined)  explosive  response  to  flat 
end  round-nosed  projectiles  are  given 
in  ref. 5.  Under  these  circumstances 
the  response,  as  measured  by  blasst 
output.  becQmes  more  complex  as  the 
orojectile  is  changed  from  flat  to 
round-nosed,  A  flat-nosed  geometry 
produces  either  a  blast  which  is 
equivalent  to  detonation,  or  has  no 
blast  output.  The  roun<j-nosed 
projectile  can  produce  an  additional 
response  which  lies  between  these 
extremes.  Such  a  response  was 
ascribed  to  reaction  being  triggered 
in  the  early  stages  of  the  shock 
evolution,  but  not  being  supported  by 
the  subsequent  divergent  nature  of  the 
flow  which  would  tend  to  expand  and 
cool  the  material.  Some  tendency 
towards  a  similar  trend  for  1?0°  cones 
(ref.$i  has  been  noted,  in  which 
reactions,  which  fall  short  of  full 
detonation,  have  been  measured.  The 
situation  jn  covered  and  confined 
explosives  is  not  so  easily  determined 
since  r.on-shock  mechanisms  can  give 
sub-deto.oative  responses  for  any  of 
the  projectile  types. 

It  appears  from  the  above  that  a 
cruaiitative  estimate  of  projectile 
efficiency  and  explosive*  response 
characteristics  can  be  made  on  the 
basis  of  the  shock  structure 
transmitted  into  the  exolpsive.  The 
production  of  a  ID  shock  is  the  most 
efficient  method  of  initiation  in  the 
projectiles  investigated  (it  is 
Possible  that  a  focused  shock  would 
give  greater  efficiency,  but 
experimental  data  appears  to  be 
lacking).  Divergent  snocks  are  less 
efficient  and  give  less  support  (at 
least  in  bare  explosives)  to  the 
reaction  growth  phase. 


4.2  Initiation  Criterion  for 
Divergent  Shocks 

Previous  work  has  modified  a  critical 
energy  criterion,  developed  by  Walker 
and  wasley  (ref. 7)  for  plate  impacts, 


to  apply  to  flat-posed  rods  (ref. 8). 
This  criterion  is  based  on  tne 
transmission  of  a  ID  shock  into  the 
explosive,  and  has  recently  p>een 
adapted  to  apply  to  impacts  into 
covered  explosives  (ref. 3).  Figure  6 
shows  the  ID  theory  to  provide  a  good 
fit  to  the  initial  region  Qf  the 
threshold  curve  for  flat-ended  impacts 
into  an  aluminium  harrier.  However, 
this  theory,  ip  its  present  form 
breaks  down  for  impact  above  about  7®® 
barrier  thickness,  despipe 

experimental  dqta  showing  a  prompt  (le 
shock)  detonation. 

Figure  7  shows  a  simulation  of  the 
thick-barrier  experiments  using  a  2D 
Euierian  hyc[rocoae.  This  predicts  the 
existence  m  the  explosive  of  a 
divergent,  but  still  high,  shogk 
regime.  However,  the  radial  change  m 
shock  parameters  is  small  compared  to 
the  change  occurring  in  the 
longitudinal  direction  between  the 
snock  jiront  and  the  barrier.  In 
proceeding  radially  outwards  along  the 
shock  front  from  the  axis  of  symmetry, 
parameters,  such  as  pressure,  change 
relatively  slowly  ovgr  a  distance  of 
the  order  of  phe  original  projectile 
radius.  The  insertion  of  q  barrier 
means  that  the  shock,  once  it  enters 
the  explosive,  is  usually  at  some 
(jistajice  from  t.he  original  impact,  ie 
it  is  effectively  a  "far  field" 
phenomenon  in  which  the  shock 
curvature  has  been  considerably 
reduced  The  original  shock  divergence 
roduced  near  the  impact  site  apoears 
o  be  translated  into  differences  m 
the  longitudinal  rarefaction  (see 
below) .  The  detailed  mechanisms  in 
phis  translation  have  still  to  be 
identified. 

To  a  first  approximation,  such  a  wave 
would  correspond  to  a  plane  shock  with 
a  longitudinal  rarefaction  attached 
directly  to  the  shock  front,  ie  phe 
divergence  j.s  ignored.  By  assuming 
that  conditions  corresponding  to  the 
average  pressure  on  the  centre-line  at 
a  given  time  are  equivalent  to  those 
in  a  ID  shock  of  that  amplitude,  use 
can  be  made  of  existing  criteria.  In 
a  plate  impact  the  critical  energy  can 
be  shown  (ref. 8)  to  have  the  form. 


Ec  =  p0d  wu2  /(w-u)  =  Pud/(w-u)  (1) 

where  ^c  is  the  critical  energy 
(derived  from  flpt-ended  rod  imparts 
into  bare  explosive) ,  po  the  initial 
explosive  density,  P  the  shock 
pressure,  w  and  u  the  shock  and 
particle  velocities  an<ji  d  the  shock 
width.  This  last  term  is  the  distance 
between  the  shock  front  and  barrier  m 
the  wave  dpscriped  above.  For  a 
linear  relationship  between  shock  and 
particle  velocity, 

w  =  A  +  Bu,  and 

u  =  [(A2  +  4BP/po) 0  * 5  -  A] /( 2B)  (2) 

Using  the  parameters  in  Table  1  for 
PE4,  and  Ec  =  1.83  MJ/mz,  equations 


m. 


1)  and  (21  define  the  threshold  ?hock 
rqssure  for  a  given  shock  width, 
sing  the  2$  hyqrocode  to  model  the 
shock  evolution  m  the  explosive,  and 
examining  the  average  pressure  at 
about  0.24s  intervals,  shows  whether  a 
particular  impact  crosses  this  shock 
threshold.  The  results  for  flat-ended 
rod  impacts  into  thick  barriers,  and 
165u  cone?  into  qll  barriers  are 
cqmpared  with  experiment  in  figure  6. 
Figure  8  shows  the  theoretical 
threshold  for  PE4,  and  the  time 
dependent  relationship  between  P  and  d 
found  for,  what  is  judged  to  be, 
threshold  impacts  for  the  two  types  of 
projectile. 

It  should  be  noted  from  figure  8  that 
the  shock  structure  for  the  two 
projectiles  is  quite  different.  The 
flat-ended  rod  nas  a  high  average 
pressure  which  quickly  decays,  in 
contrast  to  the  cone  wnich  has  a  low 
amplitude  shock  of  relatively  long 
duration.  Consequently  the  parallel 
nature  of  the  cone  and  the  latter 
portion  of  the  flat-nosed  response 
curves  in  figure  3  appears  to  be  due 
to  similarities  in  the  changes  in  shock 
structures  with  changing  impact 
velocity.  The  off  set  between  the  two 
cyrves  is  probably  que  to  the 
differences  in  shock  amplitude. 

The  inaccuracies  due  to  approximations 
embodied  in  the  above  method  can  be 
listed  as  follows:- 

1,  .Inaccuracies  in  the  hydrocode 
simulation. 

2,  Inaccuracies  in  the  assumption 
that  cpnditions  at  average  P  match 
those  in  a  ID  shock  or  the  same 
amplitude. 

3,  inaccuracies  introduced  by 
assuming  a  plane  shock  in  the  radial 
direction. 

In  the  first  of  these,  the  method 
requires  large  amounts  of  computer 
time  and  the  simulation  output  has  to 
)?e  interrogated  at  short  time 
intervals.  Results  in  this  paper  were 
obtained  from  t)ie  commercially 
available  2D  Eulenan  code  AUTODYN 
(ver?ion  2.37),  run  on  a  desk  top 
machine  for  spged  of  tupn  round  and 
flexibility  of  interrogation.  However, 
the  code  m  its  present  form  is  only 
first  order  accurate  and  so  needs  to 
be  used  with  care.  A  mesh  of  Q.375  x 
9.56mm  was  used  in  the  regign  of 
interest,  and  wave  shapes  investigated 
at  5  cycle  intervals.  The  pressure  is 
locqtqa  at  the  ce).l  centre  and,  due  to 
artificial  viscosity,  the  main  portion 
of  the  shock  front  is  smeared  over 
about  three  cells.  Hence  the  location 
of  the  shock  front  is  taken  as  the  mid 
point  of  the  fir?t  cell  past  the 
location  of  the  maximum  pressure.  Then 
d  is  the  distance  between  this  point 
and  the  burner.  The  average 
pressure  is  given  by 


P  (P1  +  (h/h>)  £  P, )/{ (n-1)  h/h'+l}  (3) 

i  =  2 


wher?  cell  1  contains  the 
barrier/explosive  interface,  and  h'  is 
the  distance  between  barpier  and  the 
edge  of  cell  1.  The  maximum  pressure 
is  located  at  cell  n,  and  Ji  is  the 
cell  width  along  the  centre-line. 

Cpmpari?on  of  the  AUTQDYN  code 
simulations  of  &  ID  shock  with  results 
from  an  analytic  solution,  using  the 
materials  of  Table  1  and  velocities  in 
the  region  of  interest,  indicates 
errors  in  P  of  the  order  of  +10%,  and 
in  d  of  -5%. 

In  the  second  of  the  above 
assumptions,  errors  are  introduced 
because  some  of  the  explosive  behind 
the  shock  front  ha?  been  partially 
released.  The  material  has  come  down 
an  adiabat  from  the  shock  position  on 
the  Hugomot  and  so  the  internal 
energy  is  higher,  and  p  and  u  differ 
from  those  associated  witf;  a  ID  shock 
pressure  of  the  saipe  amplitude  as  the 
av?r?ge  pressure  m  the  wave.  The 
critical  energy  in  its  most  basic  form 
is 


Ec/d  =  p  [u2/2  +  O  (4) 

where  e  is  the  specific  internal 
energy,  anq  p  the  shocked  density  of 
the  explosive.  Fop  a  ID  shock  (4) 
reduces  to  the  combination  of  (1)  ana 
(2)  already  mentioned.  However,  if 
the  average  values  (subscript  A) 
throughout  the  wave  are  used,  then  (4) 
becomes 


Ec/d  =  pa[u72  +  6a1  (5) 

A 


Since  Er/d  can  be  egyated  to  a  ID 
?hock  pressure,  then  this  pressure  can 
m  tury  be  equated  to  the  average 
value?  m  (5).  As  these  values  can  be 
supplied  Ipy  the  hydrocode,  the  effects 
of  deviations  from  the  Hugoniot  should 
be  included.  Hence  a  better  estimate 
of  the  ID  pressure  corresponding  to 
average  values  in  the  wave  can  be  made 
by  solving 

0  ‘  {f  *  '*} ' 

P1 [A;+4BP‘/p0)° " s  -A]  (6) 


2AB+(B-1)[(A2+4BP’/p0)°,5-A] 


where  P1  is  the  improved  estimate  of 
ID  pressure. 

By  obtaining  the  average  values  for  p, 
u  and  e  for  a  number  of  impacts  in  the 


region  of  interest,  the  effective 
error  in  P  is  found  to  be  of  the  order 
of  -10|  to  -15%. 


For  the  third  assumption,  the  average 
values  of  P  and  d  were  obtained  over 
the  shocjc  field  out  to  approximately 
the  original  radius  of  the  projectile. 
This  was  only  carried  out  on  a  limited 
sample.  However,  the  error  in  this 
sample  in  P  (introduced  Ijy  only 
calculating  P  on  tfye  centre-line)  was 
+8%,  and  the  error  in  d  was  +2%. 


It  can  be  seen  that  the  approximations 
made  in  calculating  P  and  d  have 
introduced  errors  that  tgnd  to  cangel, 
at  least  in  the  current  investigation. 
This  work  copfirms  that  the  degree  of 
divergence  in  all  of  the  impacts 
investigated  is  reasonably  low. 
Consequently  what  is  basically  a  ID 
theory  can  still  be  applied  with  great 
success.  However,  a  majqr  pprtjon  pf 
the  energy'  required  for  initiation  is 
now  contained  within  the  release  wave 
attached  to  the  shock  front,  rather 
th^n  confined  to  shocked  material 
which  has  yet  to  be  released s  Hence 
the  calculation  of  such  conditions  has 
r.  -reased  m  complexity. 


5.  CONCLUSIONS 

Of  the  projectiles  investigated,  those 
that  passed  a  ID  shock  ipto  the 
explpsivg  were  most  efficient  at 
causing  initiation.  Divergent  shocks, 
suet)  as  those  produced  by  flat-ended 
projectiles  through  thick  plates,  or 
by  conical  projectiles,  were  less 
efficient.  A  greater  loss  of 
efficiepcy  was  found  in  round-poped 
projectile^  where  part  of  the  striking 
surface  impacted  the  target  at 
subpopic  velocities.  The  least 
efficient  type  of  projectiles  was  the 
claps  of  cone  where  the  entipe 
striking  surface  impacted  at  subsonic 
velocity.  No  detonations  were 
recorded  for  any  impact  under  those 
conditions. 


ip  the  shock  at  these  relatively  large 
distances  from  the  projectile  Is 
smpll.  This  allows  a  form  of  the  ID 
criterion  to  successfully  predict  the 
explosive's  response  to  such  shocks. 
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Thicker  barriers  obviously  offer  more 
rotection  against  shock  initiation, 
ow^vpr,  within  tlje  constraints  of  a 
munition,  a  pe^tlistic  thickness  is 
unlikely  to  eliminate  the  problem.  In 
the  current  experiments  detonatipn  has 
been  observed  at  about  2000  m/s  impact 
velocity  for  both,  a  9mm  pteel  barrier 
and  a  12mm  aluminium  barrier. 
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Better  protection  to  shock  is  given  by 
the  insertion  of  a  layer  of  material 
such  as  rubber.  However,  with  some 
barngr  materials,  in  which  the 
Hugpniot  lies  between  thos«  of  the 
projgctife  and  explosive,  there  is  the 
possibility  pf  a  reduction  in 
protection  against  shock. 

The  differing  types  of  divergent  shock 
structure,  formed  on  impact  by  the 
different  projectile  geometries, 
appear,  m  phe  explosive  mainly  as 
variations  m  the  behaviour  or  the 
release  wave  connecting  the  shock  to 
the  barrier.  The  amount  of  divergence 
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FIGURE  1 .  COMPARISON  OF  THRESHOLD  VELOCITIES  BETWEEN  FLAT-ENDED 

AND  CONICAL  TIPPED  PROJECTILES 
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FIGURE  3.  EFFICIENCY  OF  VARIOUS  PROJECTILE  GEOMETRIES  IMPACTING 

PE4  WITH  ALUMINIUM  BARRIER 
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FIGURE  5.  PRESSURE  CONTOURS  GENERATED  BY  IMPACT  OF  DIFFERENT 
GEOMETRIES  OF  STEEL  PROJECTILE  INTO  BARE.  UNREACTIVE  EXPLOSIVE 
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FIGURE  6.  COMPARISON  OF  ID  AND  DIVERGENT  SHOCK 
THEORY  WITH  EXPERIMENT 
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FIGURE  7.  SIMPLIFIED  PRESSURE  CONTOUR  MAP  OF  DIVERGENT  SHOCK 
IN  EXPLOSIVE  (2  us  AFTER  IMPACT)  FROM  2D  HYDROCODE  PREDICTION 


Discussion 


QUESTION  BY  ?:  Did  you  ever  think  about  a  system  of  layers  with 
varying  impedances  to  decrease  the  sensitivity  of  ammunition? 

ANSWER:  That  is  an  obvious  possible  consequence  to  this  sort  of 
thing,  but  the  implication  of  what  happens  with  aluminum  barriers 
is  that  you  can  match  or  mismatch  impedance. 
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sensitive  am - 


s t  a r  k  c f  f  or  fuel 
c o •  > : k  off  test,  t. he 
or.,  the  bullet,  and 


the  shaped  charge  im- 


7 he  most  c  ::rr.:r.or.  requirements  are  the  fuel 
fire  and  the  rnll^t  impact  test.  The  fuel 
tire  test  is  pert  rr.ed  by  heating  an  vri- 
:  i ; :  a  1  w  a  r  h  e  a  •  i  .  :o  a  v  esse  I  w  1 1  h  kerosene. 
Tr.o  warhead  is  opi.pped  with  a  safety  and 

h  e  te  nq  e  r  a  t.  ore  f  t.  h  e  :  1 i  g  h  expi  •  "■  s  i  v  e 
S'.,  r  face  inside  -  he  warhead  increases  to 
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r  T N T  b < : ■  n  d e d  hi 
■  -t  fulfill  t  he 
r-  burning  and 
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:  ♦  ’  i  :  !  ’  *  •  *•  f  i  .  .  i  ?  V  NT  Y<  r.-ie.i 

*■  >•*  .  -  .  re  \  .*':*■  r-  1 1  trie  tad 

j:  .  i  .  ;  r  Wr>*r.  *  'ha  rue  ;  s 

e  •  V  .  y  .  :•’*  f  5  7-1  I  l  -racks 

?  ew  :  o.  *  \ .  l  ’ :  ;  ,  r  s  .  rheSf*  surfaces 

e  h  .  gj  :  r  »•  r  s  in  .i  these  pressures 

hi  jr.  :  or:  ;  r  a*. os. The  result  is 

hjt  r.  **  i  r.  ‘  the  Charge  (-diagram  5}  . 


Bullet  Impact  Test 

Bullet  impact  tests  are  performed  with  a 
steel  tube  ar.d  filled  with  charges  with 
•different  high  explovive  formulat ions . The 
firing  is  carried  out  on  the  cover  plate 
centre  (diagram  6) . 

Different  formulations  are  tested  for 
bullet  impact  tests.  The  caliber  is  half 
inch  or  20  mm,  the  velocity  is  between 
350  m/s  and  1000  m/s.  The  charges  have 
di f f ernt  Young  modulus  from  200  to 
720  N/mm*f  different  grain  size 
distributions,  different  binder  systems 
and,  there  is  a  small  difference  in  the 
binder  content . 

Diagram  7  shows  the  great  influence  f 
the  grain  size  distribution.  This 
influence  is  more  considerable  than  the 
influence  of  the  Young  modulus.  Even  with 
a  Young  modulus  of  378  N'mmd,  the  first, 
f  o i m ulation  det o n a t  e s  w 1 1 . h  a  1 o w  v e i  o c 1 1 y 
of  the  bullet. 

Another  formulation  with  a  high  Young  me  - 
d ulus  c f  720  N / mm4-  a n d  h igh  vel o c 1 1 y  o f 
the  bullet  withstands  the  trial 
(diagram  7) .  After  the  test,  the  cover 
plate  is  pushed  out  and  the  high 
explosive  is  burned  or  just  lying  a round. 

This  high  energy  formulation  with  96  if 
H M X  withstands  h a i  f  i n c h  ar.d  2. 0  mm 
caliber  with  a  high  velocity  (diagram  8). 
An o t  he r  formu  lat  i or.  de borates  w :  t h  a 
b-uilet  impact  of  half  inch  caliber 
(diagram  9)  . 

Gmail  changes  m  formulation  are  suffi¬ 
cient  to  withstand  the  bullet  impact  test 
(diagram  10).  Tests  with  original 
warheads  have  the  same  results  as  tests 
l n  t. h e  s ma  Li  steel  t u it •?  .  A  high  Y •  u r. a 
modulus  and  u  smal 1  cent  err  f  the  binder 
cause  a  det.  r. at  :  on  of  the  warhead 
( d laqram  11). 

Diagram  12  shows  the  results  of  tne 
firing  and  the  influence  >  f  the  Young 
modulus  as  a  feature  for  the  mechanical 
properties.  The  brittle  materials  ( f •.  r 
example  PBX  N5,  LX  14,  P  33)  detonate 
with  a  high  Young  modulus  with  400  t*-> 

1000  N  mm*1.  Regarding  the  same  gram  size 
distributions,  there  is  a  limit  for  the 
detonation  of  about  350  N/mm4-.  Above  this 
point  formulations  detonate,  below  this 
point,  they  survive  (diagram  12} . 


Con c 1 u  s i on : 

Contemplating  the  bullet  impact  safety, 
there  is  a  considerable  influence  of  the 
ammunition  caliber,  the  critical  diameter 
of  the  high  explosive,  the  confinement  of 
the  charge,  the  mechanical  properties, 
the  particle  size  distributions  and  the 
type  of  the  binder  (diagram  13). 
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Shaped  Charge  Impact  Test 

The  toughest  tests  for  a  high  explosive 
charge  is  the  firing  of  a  small  or  larger 
shape  charge  on  the  test  sample.  We  are 
working  with  the  trial  set  of  diagram  14. 

For  these  tests  three  different  shaped 
charges  with  an  mutside  diameter  of  25, 

33  and  44  mm  are  used.  Regarding  the 
smallest  shaped  charge,  we  can  reduce  the 
jet  tip  velocity  to  less  than  2000  m/s 
with  plates  installed  outside  the  copper 
cone  (diagram  15  and  16} .  The  tests  were 
carried  out  with  performace  reducing 
plates,  jet  tip  velocities  of  3000  m/s, 
three  different  formulations  wi  +  h  a 
binder  content  of  15  t  and  a  solid 
content  of  85  ■=  . 

These  formulations  show  burning  or  no  re¬ 
action,  1.  e.  there  is  only  a  hole  in  the 
explosive  sample  (diagram  l7). 
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Th  e  v  a  1  n  e  r  a  f  :  i  c  ,  is  c  •: .  s  :  de  r  a  b  i  y 


:  n  f  1  u  c  p  c  e  d  b  y  t  h  e 

i  -•  rm-.i at  ic r.  and 

t  he 

ingredients  • f  the 

formulation,  i. 

e.  the 

b  i  pi-  ie  r  ,  the  h  i.  qh  e 

xpii-sivos  and  al 

I  other 

ingredients.  The  cost,  important 
parameters  for  the  binder  are  the 
me  ■  h a r.  i  c a  1  p r o pe rties,  t. he  a g  i  ng  a n  1  t. he 
•••:  at  mg  behaviour.  As  far  as  raw 
materials  are  concerned,  the  grain  size, 
f he  grain  size  distribution,  the  specific 
surface  of  the  high  explosive  and  the 
mechanical  properties  of  the  crista Is  are 
very  important.  Other  ingredients,  like 
plasticizers,  antioxidants  and  catalysts, 
influence  the  mechanical  properties  of 
the  charge  .  Bonding  agents  have  a  consi¬ 
derable  influence  on  the  coating 
behaviour  and  the  mechanical  properties 
(diagram  23). 
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Discussion 


QUESTION  BY  VICTOR.  US:  With  the  25  mm  shaped  charge  generator, 
what  is  the  effect  of  the  "performance  reducing  plate"  on  the  jet 
diameter? 


ANSWERED  BY  HELD:  It  reduces  velocity  and  it  increases  the  jet 
diameter  by  a  factor  of  about  2. 
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IHREE  EFFORTS  CONCERNING  FRAGMENT  AND  SHOCK  HAZARDS  TO  CASED  MUNITIONS 


by 

Vl.R.  Wagenhals  cl  al. 
Research  Department 
Naval  Weapons  Center 
China  l.ake.  California 
I'niteil  States 


1  SUMMARY 

This  paper  is  divided  into  three  parts  and  describes  the  work 
being  conducted  by  the  Naval  Weapons  Center  on  the  re¬ 
sponse  of  munitions  to  fragment  impact.  The  first  part  de¬ 
scribed  a  methodology  developed  to  model  and  analyze  the 
response  of  munitions  to  fragment  impact  threats.  The  mu¬ 
nition  response  levels  within  the  model  arc  divided  into 
shock-to-detonation  transition  (SDT),  burn-to-violenl 
reaction  (BVR),  and  no  response.  Part  II  of  this  paper 
describes  the  use  of  the  wedge  test  for  obtaining  the  SDT 
parameters  necessary  to  accurately  model  and  predict 
prompt  detonation.  If  BVR  is  predicted,  four  basic 
response  levels  are  possible.  These  are  bum  only,  defla¬ 
gration  with  or  without  propulsion,  explosion  and  delayed 
detonation.  Part  III  of  this  paper  describes  a  planar  rocket 
motor  model  developed  to  explore  mechanisms  related  to 
the  possible  thresholds  in  the  BVR  regime. 

2  PART  I.  METHODOLOGY  FOR  CONDUCT**  C 
FRAGMENT  IMPACT  ANALYSES 

Martha  Wagenhals,  O.  E.  R.  Helm  'ahl, 

Kenneth  L.  Woods,  and  Eric  Lurostrom 

2.1  INTRODUCTION 

A  methodology  has  been  developed  tor  conducting  frag¬ 
ment  impact  analyses  of  mun'iions  in  their  stor¬ 
age/stowage  configurations.  The  abjective  of  the  method¬ 
ology  is  to  determine  if  the  munition  will  respond 
adversely  to  any  specified  impact  threat,  and  if  so.  how 
much  shielding  is  required  to  prevent  the  adverse  response. 
The  elements  of  the  methodology  have  been  computerized 
and  housed  on  a  VAX  .  This  paper  presents  the  current 
status  of  the  methodology,  describes  the  step-by-step 
approach  and  presents  m  example  problem. 

The  methodology  hr  i  been  formalized  in  a  computer  code 
named  FRAGMAP,  which  stands  for  Fragment  Impact/ 
Munition  Response  Analysis  for  Guidance  in  Mitigation 
Assessment  Program.  FRAGMAP  is  an  interactive  com¬ 
puter  program  ’  iJch  implements  our  approach  for  issess- 
ing  the  likelihot  1  of  the  detonation,  or  lesser  response,  of 
a  cased  munitic  i  due  to  fragment  impact,  and  the  effective¬ 
ness  of  self  I-  J  mitigation  measures.  The  code  is  written 
in  VAX™  r  lRTRAN,  and  uses  the  D1SSPLA®  plotting 
package.  FRAGMAP  provides  a  means  for  storing  frag¬ 
ment  thr  at,  munition  response  and  barrier  material  data.  It 
manip1  iates  these  data  in  a  systematic  manner  and  presents 
the  .alculated  solutions  in  forms  of  tables  and  plots. 
Si  condarily,  the  program  computes  the  probability  of 
nock-to-delonation  transition  (SDT)  as  a  function  of  dis¬ 
tance  for  far  field  fragment  impact  situations. 


2.2  THE  FRAGMENT  IMPACT  PROBLEM 
The  fragment  impact  problem  is  depicted  in  Fig.  1.  There 
is  a  fragment  source.  It  can  be  the  detonation  of  a  hostile 
missile,  or  one  of  our  own  stores.  Usually  there  are  barriers 
between  the  fragment  source  and  the  munition  of  concern. 
The  barriers  can  be  any  combination  of  shipping  contain¬ 
ers,  decks,  bulkheads,  or  magazine  walls.  The  actual  threat 
that  reaches  a  munition  is  degraded  by  the  penetration  pro¬ 
cess,  resulting  in  loss  of  fragment  mass  and  velocity. 
There  are  also  entrained  plate  fragments  from  the  various 
barrier  perforations.  We  want  to  know  if  the  residual  threat 
will  cause  the  impacted  munition  to  respond,  and  if  so,  at 
what  level:  detonation,  burn-to-violent  reaction  or  bum 
only.  The  steps  involved  in  applying  the  primary  portion 
of  our  methodology  are  as  follows. 
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Fig.  1.  The  Fragment  Impact  Problem. 

a.  determine  the  response  thresholds  of  the  munition  of 
concern, 

b.  determine  the  undegraded  impact  threat  characteristics 
in  terms  of  fragment  mass  and  velocity, 

c.  determine  which  fragments  from  the  specified  threat 
will  cause  the  unprotected  munition  to  detonate,  or 
cause  some  lesser  response, 

d.  determine  an  equivalent  spaced  array  for  all  barriers  in¬ 
tervening  between  the  fragment  source  and  the  muni¬ 
tion  (i.e.  container  walls,  bulkheads,  etc.), 

e.  determine  the  residual  mass  and  velocity  character  of 
the  threat  fragments  after  perforation  of  the  interven¬ 
ing  barriers, 

f.  determine  if  the  residual  threat  will  cause  a  detonation 
or  some  lesser  response, 

g.  estimate  what  additional  shielding  is  required  to  miti¬ 
gate  any  adverse  response. 

2.3  ELEMENTS  OF  FRAGMAP 
2,3.1  Resnonse  Plots.  The  first  response  considered 
is  prompt  detonation.  Prompt  detonation  is  defined  as  the 
shock  to  detonation  transition  (SDT)  regime.  If  prompt 
detonation  doesn't  occur,  then  lesser  responses  arc  possi¬ 
ble.  Figure  2  shows  the  assumptions  behind  the  responses 
considered. 


1.  SHOCK  PROPAGATION 
(PROMPT  DETONATION) 


2-  -UNOERVENTEO 
EMBEDDED 
(BVR) 


3-  OVERVENTEO 

TOTAL  PENETRATION  <  RICOCHET 

(BURN  ONLY)  (LOW  HAZARD) 


Fig.  2.  Response  Mechanisms. 

The  bum-to-violent-reaction  (BVR)  response  is  dependent 
upon  many  factors.  The  most  violent  response  in  this 
regime  occurs  if  the  fragment  becomes  embedded,  and  case 
confinement  is  not  relieved.  A  milder  response  occurs 
(bum  only)  when  a  fragment  passes  completely  through  the 
munition,  and  provides  sufficient  venting  to  release  the 
pressure  buildup  of  the  explosive  reaction. 

We  have  defined  a  low  hazard  or  no  response  regime  as  that 
which  occurs  when  a  fragment  ricochets.  The  assumption 
is  that  any  fragment  having  insufficient  energy  to  pene¬ 
trate  the  case  will  not  cause  any  reaction.  We  realize  that 
this  assumption  docs  not  hold  true  for  all  energetic  materi¬ 
als. 

The  different  response  regimes  and  thresholds  arc  indicated 
in  Fig.  3  for  a  specific  example  acceptor  munition.  The 
shock  to-detonation  (SDT)  threshold  for  the  specified  mu¬ 
nition  is  determined  using  hydrocode  calculations  of  frag¬ 
ment  impact  (Ref  1).  Reaction  of  the  energetic  material  is 
predicted  by  the  Forest  Fire  bum  model  (Ref  2),  which  is 
calibrated  using  wedge  lest  data.  The  boundary  for  the  low 
hazard/no  response  regime  is  the  ballistic  limit  of  the  case 
material.  We  substitute  the  ballistic  limit  threshold  for  the 
ignition  threshold  of  the  energetic  material  due  to  die  case 
of  computing  ballistic  limits.  Between  diese  two  thresh¬ 
olds  is  the  bum  to-violcnt  reaction  (BVR)  zone. 


•OOO  »0O0  lOO®  «OOQ  »00«  IOOO 

vtiocrrv  »,/, 


’OOO  IOCO  I  OOO 


'OOOO 


Fig.  3.  Response  Plot. 

2  ,7  Coupling  Threat  and  Response  The  frag¬ 
ment  threat  is  generally  obtained  from  warhead  arena  lest 
characterization  data.  An  overlay  of  the  threat  upon  the  re¬ 
sponse  plot  generated  for  a  specific  weapon  identifies 
which  fragments  can  cause  a  detonation,  which  can  cause 
some  response,  and  which  can  not  penetrate  the  case. 


Figure  4  shows  die  fragment  distribution  of  a  selected 
donor  weapon  overlaid  onto  the  response  plot  of  Fig.  3 
The  size  of  the  circles  indicates  the  number  of  fragments 
having  a  given  mass  and  velocity.  The  large  circle  above 
die  prompt  detonation  line  represents  about  1000  frag 
ments.  The  circle  indicating  the  greatest  mass  represents 
30  fragments.  We  will  use  these  two  fragments  in  an 
example  later.  The  square  shown  represents  the  250  grain, 
8300  fps  cube  fragment  used  for  the  NAVSEA  insensitive 
munitions  fragment  impact  test  (Ref  3)  Only  those  frag¬ 
ments  falling  above  the  solid  line  will  cause  this  specific 
munition  to  detonate.  A  large  number  of  fragments  fall  in 
the  BVR  zone,  including  the  250  grain  cube.  The  majority 
of  fragments  from  this  donor  munition  will  not  cause  any 
reaction,  individually,  if  they  strike  the  acceptor  munition. 
This  methodology  is  for  single  fragment  impact.  We  are 
currently  conducting  a  parametric  study  to  implement  a 
multiple  fragment  impact  capability  in  the  methodology. 
We  are  also  working  on  other  improvements,  which  will  be 
discussed  later. 

Figure  4  serves  to  identify  which  fragments  from  the  cho¬ 
sen  threat  which  have  a  potential  to  cause  our  acceptor  mu¬ 
nition  to  respond  adversely.  The  next  step  is  to  select  a 
barrier  that  will  prevent  the  various  possible  responses. 


Fig.  4.  Overlay  of  a  Fragment  Threat  Map  onto 
Response  Plot  (Fig.  3). 

2.3.3  Residual  Threat/Mitigation  Calculations. 
Two  different  sets  of  equations  are  used  to  estimate  the 
residual  threat  after  penetration  of  existing  barrier  materi¬ 
als.  These  arc  the  JMEM  (Joint  Munitions  Effectiveness 
Manual  (Ref  4))  penetration  equations  (also  referred  to  as 
Thor  equations)  and  FATE  (Ref  5)  (Fast  Air  Target 
Encounter)  equations.  Once  the  residual  threat  is  defined, 
the  munition  response  is  estimated.  Adverse  response 
prevention  requirements  are  then  established  by  an 
iterative  process. 

Figure  5  shows  the  residual  fragment  threat  of  Fig.  4  after 
passing  though  a  1/4-inch  thick  steel  plate,  as  calculated 
using  the  Thor  penetration  equations.  These  equations 
indicate  that  a  1/4-inch  thick  steel  plate  will  drop  all  but 
one  of  the  fragments  below  the  threshold  for  a  prompt  det 
onation.  The  initial  and  residual  250  grain  cube  are  also 
shown.  It  has  dropped  below  the  ballistic  limit  velocity  of 
the  case,  and  should  cause  no  hazard  to  this  munition.  A  lot 
of  small  fragments  are  slopped  completely,  and  no  longer 
show  on  the  plot. 
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Fig.  5  Residual  Fragment  Threat  After  Passing  Through 
a  1 /4-inch  Thick  Steel  Plate  Using  Thor  Equations. 

The  Thor  equations  are  the  result  of  curve  Fits  to  experimen¬ 
tal  data  from  an  Army  test  program  (Ref  6).  These  equa¬ 
tions  follow  the  largest  part  of  the  fragment  through  the 
penetration  process.  They  do  not  permit  an  estimate  to  be 
made  to  be  made  of  plate  debris  nor  secondary  fragments 
which  have  broken  off  the  original  fragment  from  either 
erosion  or  shatter.  Steel  fragments  are  known  to  shatter  on 
impact  above  some  velocity  threshold. 

Figure  6  also  shows  the  residual  fragment  threat  of  Fig.  4 
after  passing  though  a  1/4-inch  thick  steel  plate,  but  calcu¬ 
lated  using  the  FATE  penetration  equations.  The  results  are 
significantly  more  complex.  While  the  FATE  equations  are 
also  for  single  fragment  impact,  they  do  account  for  frag¬ 
ment  shatter  and  plate  debris.  In  this  case,  the  dark  circles 
represent  the  primary  residual  fragment  from  the  original 
fragments.  The  unfilled  circles  represent  secondary  residual 
fragments  from  the  original  fragment  when  it  met  the  shat¬ 
ter  criteria.  The  open  square  symbols  represent  entrained 
plate  fragments  from  the  penetration  process.  The  initial 
and  residual  250  grain  cube  are  also  shown.  The  FATE  cqua 
tions  indicate  that  a  1/4-inch  thick  steel  plate  will  drop  all 
of  the  fragments  below  the  threshold  for  a  prompt  detona¬ 
tion.  The  penetration  process  does  create  some  additional 
hazardous  fragments  though,  as  noted  by  the  residual  sec¬ 
ondary  fragments  (unfilled  circles)  falling  above  the  dashed 
line  representing  the  ballistic  limit  velocity  threshold. 
The  FATE  equations  are  also  empirical  equations,  based  on 
Navy  and  contractor  tests.  While  they  arc  still  for  single 
fragment  impact,  they  do  account  for  fragment  shatter  and 
plate  debris.  The  residual  threat  is  a  curve  fit  of  data,  and 
shatter  thresholds  were  established  by  actual  firings. 


2.4  EXAMPLE  PROBLEM 

For  the  example  problem,  we  have  selected  the  two  frag¬ 
ments  from  the  donor  weapon  shown  in  Fig.  4  which  are 
considered  to  be  the  greatest  hazard  to  the  acceptor  muni¬ 
tion.  The  first  fragment  is  large  (6,659  grains)  and  some¬ 
what  slow,  travelling  about  4,260  ft/sec.  The  characteriza¬ 
tion  data  used  indicated  there  are  about  30  of  these  frag¬ 
ments,  and  they  are  from  the  55-60  degree  polar  zone. 
(Most  munitions  have  a  longitudinal  axis  of  symmetry 
which  is  taken  as  the  polar  axis.  Polar  angles  are  then 
measured  through  the  center  of  the  munition.  The  nose  end 
is  designated  zero  degree,  and  the  tail  180  degrees.  An 
interval  between  two  specified  polar  angles  is  defined  as  a 
polar  zone.)  The  second  fragment  has  a  mass  of  1,168 
grains  and  is  travelling  at  an  average  velocity  of  6,830 
ft/sec.  There  are  about  1,066  of  them,  from  the  80-85 
degree  polar  zone  of  the  donor  weapon.  The  1/2-inch  cube 
is  also  shown.  As  noted  previously,  the  1/2-inch  cube  will 
not  cause  this  particular  munition  to  detonate,  but  the  two 
example  fragments  will. 

In  examining  the  fragment  threat,  it  was  felt  that  if  the  mu¬ 
nition  could  be  protected  from  the  two  selected  fragments, 
it  would  be  protected  from  all  of  the  fragments  from  the 
specified  donor.  As  such,  any  barrier  design  recommenda¬ 
tions  are  predominantly  based  on  this  portion  of  the  analy¬ 
ses.  Figure  7  shows  the  response  plot  of  Fig.  3  overlaid 
with  the  initial  conditions  of  the  two  selected  fragments. 
The  1 /2-inch  cube  is  also  shown.  The  next  step  is  to  apply 
both  the  Thor  and  FATE  equations  to  these  two  fragment 
families  and  determine  what  thickness  of  steel  is  required  to 
protect  the  vulnerable  munition. 


Fig.  7.  Two  Threat  Fragments  Overlaying  the 
Response  Plot  of  Fig.  3. 

Figure  8  shows  the  degradation  of  the  selected  fragments  as 
different  thicknesses  of  steel  plate  are  entered  into  the 
analysis  using  Thor  equations.  The  original  dots  are  plot¬ 
ted,  and  then  the  residual  fragment  after  passing  though  a 
single  plate.  Plates  evaluated  were  1/32,  1/8,  1/4,  1/2,  1/ 
and  2  inches  thick.  Figure  8  indicates  that  a  1/4- inch  thick 
steel  plate  is  required  to  drop  the  1,168  grain  fragment  be¬ 
low  the  detonation  threshold,  but  it  required  a  1/2-inch 
thick  plate  to  bring  the  large  6,659  grain  fragment  out  of 
the  detonation  zone.  A  1/4-inch  thick  plate  takes  the  1/2- 
inch  cube  completely  out  of  the  hazard  zone.  To  com¬ 
pletely  protect  this  munition,  a  2- inch  thick  plate  of  steel 
would  be  required.  However,  a  1  -inch  thick  plate  would  pro¬ 
tect  it  from  99%  of  all  the  fragments  from  this  specific 
threat.  A  solution  based  on  the  Thor  equations  is  the  most 
conservative. 
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Fig.  8.  Degradation  of  Example  Fragments  as  a 

Function  of  Barrier  Thickness  Using  Thor  Equations. 

Figure  9  shows  the  analysis  using  FATE  equations.  As  you 
can  see,  there  is  a  significant  difference  in  the  results. 
While  Thor  predicts  that  a  minimum  of  1/4-inch  of  steel  is 
required  to  bring  the  1,168  grain  fragment  below  the  deto¬ 
nation  threshold,  FATE  says  that  a  1/32  inch  thickness 
will  suffice.  The  difference  is  that  the  FATE  equations  pre¬ 
dict  that  th  ■  thin  plate  will  shatter  this  fragment.  Notice 
that  the  thicker  plates  actually  produce  smaller  mass  losses 
than  the  1/32  inch  plate.  This  is  due  to  suppression  of  the 
spall  phenomena  during  penetration.  According  to  FATE, 
the  6,659  grain  fragment  still  requires  a  1/4-inch  thick 
steel  plate  as  a  minimum  to  bring  it  below  the  detonation 
threshold.  The  1/32-inch  thick  plate  appears  to  drop  the 
1/2-inch  cube  fragment  completely  below  any  hazard  zone. 
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Fig.  9.  Degradation  of  Example  Fragments  as  a 
Function  of  Barrier  Thickness  Using  FATE  Equations. 

The  results  from  the  FATE  equations  indicate  that  a  spaced 
array  armor  design  could  be  quite  effective  as  a  light  weight 
harrier  solution,  provided  that  the  specific  environment 
has  enough  room  for  such  a  design.  To  make  a  final  rec¬ 
ommendation  regarding  a  barrier  design,  one  would  have  to 
evaluate  the  hit  probability  and  other  factors  which  are 
possible  with  our  methodology,  but  which  arc  not  pre¬ 
sented  due  to  paper  length  restrictions. 


The  response  model  is  currently  limited  to  single  fragment 
impact  with  axisymmetric  shapes.  In  real  situations,  the 
munition  will  be  struck  multiply,  by  irregular  fragments.  A 
more  sophisticated  response  model  able  to  account  for  the 
effects  of  both  multiple  impacts  and  the  irregular  impacior 
shapes  is  essential. 

2.5.2  Barrier  Model _ Limitations  Both  Thor  and 

FATE  are  limited  as  analyses  tools.  Both  equations  only 
permit  steel  fragments.  If  a  donor  were  made  of  titanium  or 
some  metal  othet  than  steel,  viable  penetration  equations 
do  not  exist.  With  respect  to  barrier  materials,  Thor  offers 
a  choice  of  17  different  materials,  including  steel  and  alu¬ 
minum.  FATE  only  offers  steel  and  aluminum. 

2.6  OVERCOMING  LIMITATIONS 
There  are  ways  for  overcoming  these  limitations. 
However,  they  are  generally  e  .pensive.  It  requires  lots  of 
test  data  against  lots  of  different  materials.  Initial  efforts 
are  directed  towards  analytical  studies.  Experimental  test¬ 
ing  will  be  needed  in  the  future  to  verify  the  analytical 
results. 

2.6.1  SDT  Predictions.  To  successfully  model  the 
response  of  any  energetic  material,  wedge  test  data  is  re¬ 
quired  for  lots  of  explosives.  Wedge  test  data  is  specifi¬ 
cally  needed  for  the  Forest  Fire  Bum  Model  used  in  our  cal¬ 
culations.  Gap  tests  and  other  sensitivity  data  are  helpful 
in  trying  to  approximate  burn  models  based  on  similar  ma 
tcrials  for  which  there  is  wedge  test  data.  For  the  more 
complex  energetic  materials,  a  model  and  a  calibration 
method  needs  to  be  developed. 


The  SDT  threshold  is 


calculated  for  idealized  fragment  shapes,  either  a  cylinder  or 


a  sphere.  The  velocity  threshold  for  a  sphere  is  approxi¬ 
mately  twice  that  of  a  cylinder  with  the  same  diameter. 


Most  real  fragments  are  neither  cylinders  nor  spheres,  but 
are  more  of  a  strip  segment  shape.  Two  fragment  shapes 
which  can  be  modelled  with  a  2-dimensional  hydrocode  are 


a  cylinder  and  a  strip.  Any  intermediate  impactor  shape, 
(one  that  could  contain  the  cylinder  and  be  contained  in  the 


strip),  should  exhibit  SDT  behavior  bounded  by  these  two 


simpler  shapes.  The  objective  of  the  fragment  shape  study 
is  to  compare  the  SDT  behavior  of  cylinders  and  strips  in 


order  to  obtain  limits  for  more  realistic  shapes. 


2.6.3  Multlnle  Frapment  Impart.  As  noted  earlier, 
a  parametric  study  using  the  MESA  (Ref  7)  2-dimensional 
Eulerian  hydrocode  is  being  conducted  to  establish  a  multi¬ 
ple  fragment  impact  criteria  for  determining  when  a  frag¬ 
ment  acts  independent  of  its  nearby  neighbors,  and  when 
the  neighbors  have  to  be  taken  into  consideration.  The 
initial  study  is  limited  to  rod  impactors  in  order  to  utilize 
the  2-dimcnsional  code.  Small  scale  testing  is  planned  to 
validate  the  multiple  fragment  impact  model  that  is  being 
developed. 


For  penetration  effects,  different  materials  need  to  be  used 


as  the  impactor  against  materials  already  ca'ibratcd,  and 
more  barriers  need  to  be  calibrated. 


2.5  LIMITATIONS  TO  THE  METHODOLOGY  2.7  FUTURE  WORK 

2-5-1  Rmmmt _ Model  Limitations  The  reactive  2-7.1  FRAGMAf  A  cutoff  point  has  been  selected  and 

model  used  for  the  response  plot  SDT  threshold  requires  Version  1.0  of  the  FRAGMAP  code  is  currently  being  doc- 

wedge  test  data  for  the  energetic  material.  Wedge  tests  are  umented.  As  a  minimum  there  will  be  a  users  manual  and 

expensive  and  only  work  for  relatively  simple,  sensitive  the  source  code.  A  formal  report  is  planned  which  will  dis- 

explosives  and  propellants.  Most  propellants  are  very  cuss  the  assumptions  and  theories  behind  the  various  de¬ 
complex  energetic  materials  and  have  more  than  one  inher-  ments  of  the  methodology.  At  this  time,  FRAGMAP  has 

ent  reaction  rate.  A  model  and  a  calibration  method  is  had  a  limited  number  of  users.  Therefore,  although  the  pro- 

needed  for  handling  such  complex  materials.  gram  has  been  used  extensively,  it  may  still  contain  errors. 
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incongruities  and  other  unpleasant  surprises.  The  current 
version  is  considered  developmental.  Distribution  of  the 
code  will  contain  appropriate  warnings. 

2.7.2  Response  Model _ Refinements-  Further  work 

will  be  done  overcoming  die  limitations  deccribed  above. 
This  includes  completing  the  analytical  studies  on  multiple 
fragment  impact,  and  fragment  shapes.  Experimental  veri 
fication  of  die  analytical  studies  in  planned  using  small 
scale  testing  teclmiques. 

Within  the  general  community,  work  is  being  done  to  <lc 
velop  a  model  to  handle  the  response  of  complex  explo 
sives  and  propellants  to  shock  stimuli.  Some  of  this  effort 
is  being  done  at  the  Naval  Weapons  Center.  As  such  mod¬ 
els  become  available,  they  will  be  incorporated  into 
FRAGMAP. 

2.7.3  Harriers.  A  new  version  of  the  FATE  equations  is 
expected  imminently.  As  soon  as  it  is  available,  it  will  be 
incorporated  into  FRAGMAP.  An  experimental  effort  is 
needed  to  develop  equations  for  inrpactors  (fragments) 
other  than  steel  against  existing  barriers,  and  for  steel  and 
other  impactors  against  additional  barriers.  Complex  bar¬ 
riers  such  a  compo  .e  armors  and  the  new  generation  of 
potential  armor  materials  need  to  be  evaluated  and  cali¬ 
brated  for  use  in  codes. 

2.7.4  Mtacklnt’  C  mflmiratlons.  A  means  for  mod¬ 
elling  sympathetic  detonation  bombs  stacks  is  being 
developed.  The  initial  work  is  being  done  using  the  MESA 
I  D  hydrocode  on  a  Cray  computer.  Significant  work  has 
vet  to  be  done  to  make  the  model  a  reality,  but  initial  re¬ 
mits  are  -'ery  promising. 

2.8  POTENTIAL  APPLICATIONS 

The  metnodc  ogy  shewn  can  also  be  used  in  reverse  for  de¬ 
signing  insensitive  munitions.  If  you  have  the  necessary 
data,  you  can  examine  the  effects  of  case  thickness  and  en¬ 
ergetic  material  selection  on  die  vulnerability  of  your 
weapon.  The  results  can  also  be  used  to  select  test  parame¬ 
ters  for  verifying  the  protection  provided  against  actual 
threats,  fur  obtaining  needed  materials  data,  and  for  verifi¬ 
cation  and  validation  of  our  models.  A  similar  approach 
can  ho  used  for  conducting  sympathetic  detonation  analy¬ 
ses. 
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3  PART  II.  WEDGE  TEST  FOR  STUDYING  SDT 
IN  PROPELLANTS. 

Allen  J.  Llndfors 

3.1  INTRODUCTION 

A  series  of  minimum  smoke  propellants  were  developed  at 
the  Naval  Weapons  Center  to  have  reduced  shock  sensitiv¬ 
ity  (Ref  1).  These  propellants  were  specifically  designed  Ui 
replace  current  conventioi  '  minimum  signature  propel¬ 
lants.  These  conventional  propellants  contain  as  much  as 
67%  ol  high  explosive  (HMX  or  RDX)  in  nitrate  ester  plas¬ 
ticized  energetic  binders,  which  are  known  to  be  shock  sen¬ 
sitive  materials. 

Three  basic  techniques  were  used  to  reduce  the  shock  sensi¬ 
tivity  of  tire  propellants  These  included  using  low  shock 
sensitive  energetic  materials  such  as  ammonium  nitrate 
(AN)  increasing  the  level  of  homogeneity  by  reducing  den¬ 
sity  discontinuities,  and  reducing  the  level  of  participation 
of  die  HMX  or  RDX  in  the  shock  to  detonation  reaction. 

To  explore  the  shock  sensitivity  of  these  propellant  formu¬ 
lations,  the  wedge  test  was  conducted.  The  wedge  test 
scries  were  conducted  on  propellant  samples  incorporating 
different  formulation  variables.  The  variables  included, 
type  of  high  explosive  (RDX  or  HMX),  and  with  and 
without  high  density  bum  rate  modifiers.  The  wedge  test 
sensitivity  of  these  propellants  were  then  compared  to  a 
conventional  minimum  signature  propellant. 

3.2  PROPELLANT  FORMULATIONS 

The  basic  propellant  formulation  consisted  of  RDX  or 
HMX,  AN,  nitrate  ester  plasticized  energetic  binders,  and 
other  additives.  All  the  formulations  contained  60%  by 
weight  of  solids.  The  first  formulation  used  RDX,  as  the 
high  explosive  material,  and  lead  carbonate  as  a  bum-rate 
modifier.  The  second  formulation  consisted  of  HMX, 
minus  the  lead  carbonate.  The  third  and  final  propellant 
contained  RDX,  aiso  minus  the  lead  carbonate.  The 
propellants  were  processed  using  small  particle  size  solids 
and  mixed  extensively  under  a  vacuum  to  minimize  density 
discontinuities.  The  resulting  formulT’^r’s  were  of  very 
good  quality  and  99%  of  theoretical  maximum  density. 

Typical  propellant  compositions  contained  60%  by  weight 
of  solids  which  included  15%-17%  of  1.4  micron  HMX  or 
RDX,  and  43%-45%  of  40  micron  AN.  Nitrate  esicr  plasti¬ 
cized  energetic  polymers  were  used  as  binders,  and  for  the 
purpose  of  this  study  0.8%  of  3.7  micron  lead  carbonate 
was  added  as  a  bum  rate  modifier. 

3.2  WEDGE  TESTING 

3.2.1  Wedt^e  Test  Description.  The  wedge  test  is  a 
method  by  which  the  shock  initiation  characteristics  of  an 
energetic  material  may  be  determined.  A  planar  shock  wave 
is  introduced  into  the  explosive  to  be  tested.  As  the  shock 
progresses  through  the  explosive  it  generates  hot-spots,  in 
a  heterogeneous  material,  that  build-up  to  a  detonation 


The  objective  of  the  wedge  test  is  to  determine  the  run  to 
detonation  point  at  which  the  detonation  wave  overtakes 
the  shock  wave.  This  point  is  characterized  by  a  unique 
time  and  distance  to  detonation  for  a  specific  set  of  input 
conditions. 

A  streak  camera  is  used  to  record  the  wedge  test  event.  The 
surface  of  the  wedge  is  mirrored  to  reflect  light  into  the 
camera.  When  either  the  shock  wave  or  detonation  wave 
reaches  the  surface,  the  surface  distorts  so  that  the  light  is 
no  longer  reflected  into  the  camera.  As  the  detonation 
wave  overtakes  the  shock  wave  the  slope  of  the  reflected 
light  trace  on  the  film  changes.  Thus,  the  run  to  detonation 
point  can  be  determined  fro m  the  film  record.  A  schematic 
of  the  wedge  test  set-up  is  shown  in  Fig.  1. 


The  results  of  a  scries  of  wedge  tests  arc  usually  presented 
as  plots  of  input  pressure  versus  distance  to  detonation  and 
time  to  detonation.  With  these  plots  energetic  materials 
may  be  compared  with  regard  to  relative  sensitivity.  This 
is  done  by  assuming  that  for  a  given  distance  to 
detonation,  the  energetic  material  that  requires  the  lower 
input  pressure  to  achieve  this  distance  is  the  more 
sensitive. 

It  should  be  noted  though,  that  this  is  just  one  lest  for  sen¬ 
sitivity  and  the  relative  sensitivity  rankings  between  ener¬ 
getic  materials  may  vary  for  different  tests.  cor  example, 
the  Naval  Ordnance  Laboratory  Large  Scale  Gap  Test  may 
give  markedly  different  sensitivity  rankings  for  the  same 
energetic  materials,  as  compared  to  the  wedge  test. 

3.2.2  Wedge  Test  Set-up.  As  shown  in  Fig.  1,  a  pla¬ 
nar  shock  wave  is  introduced  into  the  energetic  wedge  sam 
pie.  The  input  shock  wave  pressure  is  varied  to  achieve  dif¬ 
ferent  run-to  detonation  points 

3.3  WEDGE  TEST  DATA  REDUCTION 
The  streak  camera  records  were  first  examined  qualitatively 
for  exposure,  planarity  of  the  incoming  shock,  position 
and  time  of  the  transition  to  detonation,  and  the  presence 
of  any  secondary  shock  reverberations  that  could  affect  the 
results.  A  schematic  of  a  streak  camera  record  is  shown  in 
Fig.  2.  The  film  records  were  subsequently  digitized  on  an 
optical  comparator.  The  required  parameters  for  reduction 
of  the  film  data,  in  the  order  they  were  analyzed,  are 
outlined  in  subsequent  sections. 
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Fig.  2.  Schematic  of  a  Wedge  Test  Streak 
Camera  Record. 

3.3.1  Free  Surface  Velocity.  To  determine  the  input 
conditions  at  the  terminal  attenuator/propellant  sample  in¬ 
terface.  or.e  needs  to  measure  the  free  surface  velocity 
(Uf.s.)  of  the  terminal  attenuator.  This  is  done  by  watching 
the  reflection  of  the  needle  off  the  mirrored  surface  move 
towards  the  actual  needle.  By  knowing  the  viewing  angle 
(fixed  at  45  degrees),  the  magnification,  and  the  camera 
writing  speed,  the  free  surface  velocity  can  be  determined 
using  the  following  equation: 

Uf  s.=  Uc  tan  A  /  2M  sin  45 

where 

Uc  =  camera  writing  speed  (mm/|is) 

A  =  angle  formed  between  moving  image 
and  real  needle 
M  =  magnification 

Tlic  film  records  of  the  wedge  traces  were  typically  read  in 
0.250  or  0.500  mm  increments  along  the  lime  axis.  They 
were  converted  to  real  times  using  the  relation: 

I  =  Yf/Uc 

where 

l  =  real  time  (pscc) 

Yf  =  incremental  film  time  (mm) 

Uc  =  camera  writing  speed  (mm/ps) 

3.3.2  Space-Time  Data.  The  film  space  data  associ¬ 

ated  with  the  lime  readings  were  reduced  using  a  similar  tri¬ 
angles  method  (Ref  2).  In  this  method  one  needs  only  to 
know  the  actual  wedge  height  and  measure  the  total  film 
trace  width  to  convert  film  space  to  real  space.  The  data  are 
converted  using  the  equation: 

Xr  =(Wh/Wf)Xf 

where 

Xr  =  real  space  (mm) 

Wj,  =  wedge  height  (mm) 

Wf  =  wedge  film  trace  width  (mm) 

Xf  =  film  trace  measurements  (mm) 

3-3.3  Transition _ In _ Detonation _ and  Shock 

Velocity.  The  transition  to  detonation  is  assumed  to  oc¬ 
cur  at  the  region  of  maximum  acceleration  along  the  film 
trace,  and  is  designated  (x*,t*).  These  points  were  read  di¬ 
rectly  from  the  film  records.  While  this  determination  can 
be  somewhat  subjective  in  the  case  of  materials  which  ex¬ 
hibit  "smeared  out”  transition  regions,  the  propellants 
tested  in  these  experiments  showed  very  well  defined  tran¬ 
sition  regions. 
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To  determine  the  initial  shock  velocity  (Us  )  in  the  ener¬ 
getic  wedge  sample,  a  plot  was  made  of  incremental  average 
velocities  (x/t)  versus  time  (t)  up  to  the  transition  point. 
Inconsistent  data  points  at  the  ends  of  the  trajectory  were 
discarded.  The  data  were  then  fitted,  by  a  least  squares 
method  to  the  relation: 

x  =  Us  t  +  1/2  bt2 
o 

where 

x  =  real  space  (mm) 
t.  =  real  lime  (psec) 

b  =  acceleration  of  shock  wave  (mm/ps*-) 

The  derivative,  with  respect  to  lime,  evaluated  at  t  =  0  is 
taken  as  the  initial  shock  velocity. 

3  3.4  Shock  Properties.  To  determine  the  shock 
Hi  oniot  of  the  energetic  material  only  two  parameters  arc 
needed.  These  are  the  shock  velocity  in  the  terminal 
attenuator  and  the  shock  velocity  in  the  energetic  material. 
To  determine  the  shock  velocity  in  the  terminal  attenuator 
one  needs  to  know  its  particle  velocity  and  its  shock 
Hugoniot.  The  particle  velocity  in  the  terminal  attenuator 
is  found  by  assuming  that  it  is  one  half  of  the  free  surface 
velocity.  The  shock  Hugoniot  for  Plexiglass  (Kef  3)  has 
been  well  defined  by: 

Us  =  2.598  +  1.516  Up 

Since  the  shock  velocity  in  the  energetic  material  is  known 
from  the  film  records,  the  particle  velocity  and  initial 
pressure  in  the  energetic  material  can  be  found  using  the 
impedance  matching  technique.  This  technique  gives  rise 
to  the  equations: 

Fe  =r/a-/e/(^/-c)*Uf.s. 

UPe  =[/a/(/.a^cil*l'f.s. 

where 

Pe  -  pressure  in  energetic  material  (GPa) 

Z,  -  shock  impedance  •=  I  hr,. 

■  t  °t 

F'Sj  =  shock  velocity  (mm/ps) 

roj  *  Initial  density  (gm/cc) 

Up  =  particle  velocity  in  energetic 

materia!(mm/ps) 

Uf.s.  =  free  surface  velocity  of  terminal 
attenuator  (mm/ps) 

3.4  EXPERIMENTAL  RESULTS 

I  be  results  of  tlic  wedge  tests  performed  are  listed  in  Table 
1  The  formulation  designations  are  as  follows.  KDX- 
Fb(  O)  indicates  the  RDX  based  propellant  with  the  lead 
carbonate  burn  rate  modifier,  UNIX  indicates  Uie  UNIX  for¬ 
mulation  without  the  lead  carbonate,  and  RDX  is  the  same 
as  RDX  PbCOx  minus  tlic  lead  carbonate. 

3.5  SHOCK  IIU (JO MOTS 

From  the  shock  velocities  and  the  calculated  particle 
velocities  die  shock  Hugoniots  tire  given  below,  and  the 
plots  in  the  Us-Up  plane  arc  shown  in  Figure  .3. 


RDX  Us  =  2.61  v  1  65Up 

HEP  2  Us  =  2.45  +  1.61  Up 

Results  of  an  earlier  wedge  test  series  on  a  high  energy 
minimum  signature  proj  .'lant,  (HEP  2),  which  contains 
67%  HMX-RDX.  and  nitrate  ester  plasticized  binder,  are 
listed  in  Table  II  for  comparison  purposes  (Ref  4). 


Fig.  3.  Shock  Hugoniots  of  the  Propellants  Tested 
in  the  Us-Up  Plane. 


3.6  SHOCK  SENSITIVITY 

Tlic  traditional  method  for  plotting  die  data  from  die  wedge 
tost  is  known  as  the  Pop-plot  after  Alfonso  Popolato. 
Popolato  found  that  over  a  range  of  input  pressures,  log- 
log  plots  of  run  to  detonation,  or  time  to  detonation  versus 
pressure,  arc  linear.  The  equation  of  the  Pop  plot  over  die 
linear  range,  in  run  to  detonation  versus  pressure  form,  is 
then: 

log  x*  =  A  +  B  log  P 

In  this  form  P  is  in  gigapascals,  x*  is  in  millimeters,  and  A 
and  B  are  determined  from  a  least  squares  Fit  in  the  log-log 
plane.  Similarly,  lime  to  detonation  versus  pressure  takes 
on  the  same  form  with  different  constants. 

For  the  propellants  tested,  Pop-plots  of  distance  to  detona¬ 
tion  versus  input  pressure  arc  shown  in  Fig.  4.  As  can  be 
seen,  at  low  input  pressures  the  Pop-plot  becomes  non-lin¬ 
ear  and  pressure  approaches  a  vertical  asymptote.  This  im¬ 
plies  that  a  different  type  of  mechanism  is  controlling  the 
reactivity  and  this  will  be  discussed  further  in  the  subse¬ 
quent  section. 


RDX  PbC()3  Us  =  1,44  r  3.04  Up 


UNIX 


Us  =  I  77  ,  2 .021  Tp 
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Table  I.  Wedge  Test  Results 


Propellant 

MU 

UPo 

(mm/ps) 

I’o 

(GPa) 

'o 

(gm/cc) 

x» 

(mm) 

t* 

(Us) 

Uf.s. 

(mm/ps) 

RDX-PbCC>3 

_ 

1.15 

10.00 

1.60 

1.50 

0.22 

2.92 

RDX-PbC03 

4.60 

0.95 

7.04 

1.60 

6.25 

1.25 

2.33 

RDX-PbCC>3 

4.50 

0.93 

6.73 

1.60 

9.60 

1.96 

2.26 

RDX-PbCC>3 

4.40 

0.74 

5.40 

1.60 

mil 

2.49 

1.90 

RDX-PbC03 

3.75 

0.72 

4.35 

1.60 

II 

1.68 

RDX-PbC03 

3.35 

0.60 

3.20 

1.60 

1.37 

HMX 

4.60 

1.34 

9.98 

1.623 

1.54 

0.27 

3.05 

HMX 

4.21 

1.23 

8.41 

1.623 

12.10 

2.48 

2.76 

HMX 

4.10 

1.21 

8.10 

1.623 

13.52 

2.87 

2.70 

HMX 

4.01 

1.06 

6.90 

14.32 

3.11 

2.39 

RDX 

4.85 

1.38 

10.70 

1.60 

11 .71 

2.46 

3.18 

RDX 

4.62 

1.15 

8.48 

1.60 

13.72 

2.96 

2.70 

RDX 

4.30 

1.03 

7.11 

1.60 

15.30 

3.31 

2.40 

RDX 

4.12 

0.93 

6.18 

mm 

17.73 

3.93 

2.17 

RDX“ 

4.05 

0.87 

5.65 

1.60 

2.03 

*  Indicates  Transition  to  Detonation 
**  Indicates  No  Transition  to  Detonation 


Table  II  Wedge  Test  Results  for  a  Minimum  Signature  Propellant,  (HEP  2). 


HEP  2 

Shot  # 

Us 

‘o 

(mm/ps) 

UPo 

(mm/ps) 

Po 

(GPa) 

ro 

(gm/cc) 

x‘ 

(mm) 

l* 

(mm) 

Uf.s. 

(mm/ps) 

1 

4.90 

1.30 

11.46 

1.70 

1.56 

0.32 

3.28 

2 

3.30 

0.562 

3.11 

1.68 

20.87 

5.85 

1.30 

. 

1.69 

4 

3.80 

0.713 

4.52 

1.67 

5.26 

1.59 

1.70 

5 

3.96 

1.16 

7.73 

1.68 

2.35 

0.552 

2.60 

*  Indicates  Transition  to  Detonation 
* ‘Indicates  a  No  Data  Shot. 


2o-y 


Pr«Mur«  (GP«) 


Fig.  4.  Pressure  Versus  Run  for  Insensitive 
Propellants  and  HEP  2. 

The  interpretation  of  sensitivity  behavior  of  an  energetic 
material  using  these  plots  is  done  by  observing  the  behav¬ 
ior  of  die  constants  A  and  B  for  the  propellants  tested.  In 
Fig  4  the  Pop-plots  for  RDX-PbCC>3,  HMX.  RDX.  and  HEP 
2  are  shown.  The  intercept  value  A  defines  the  horizontal 
positioning  of  the  Pop-plot;  thus  it  defines  the  shock 
region  of  interest,  and  B  is  the  slope  of  the  line. 

Hence,  a  propellant  with  a  higher  pressure  intercept  and 
steep  slope  would  be  less  sensitive  compared  to  a  second 
propellant  with  lower  pressure  intercept  and  shallower 
slope.  Therefore,  from  Figure  4,  it  can  be  seen  that  RDX- 
PbCC>3,  HMX,  and  RDX  are  all  less  sensitive  than  HEP  2. 

For  two  propellants  with  different  intercepts  but  very 
similar  slopes  the  propellant  with  the  higher  pressure 
intercept  is  less  sensitive  at  all  pressures  compared  to  the 
propellant  with  the  lower  intercept.  This  can  be  seen  in 
Fig  4  when  we  compared  RDX  PbCC>3  to  HMX.  and  HMX 
to  RDX. 

3.6  DISCUSSION 

In  general,  all  of  the  propellants  have  sleep  Pop-plots. 
I  hus.  the  run  to  detonation  will  occur  only  over  a  very 
small  pressure  region.  From  an  experimental  stand  point 
this  small  pressure  region  makes  it  very  difficult  to  gain  a 
variety  of  run  distances.  For  example  the  pressure  differ¬ 
ence  required  for  a  1.5  millimeter  run  and  a  12  millimeter 
run  is  only  1.5  GPa  for  the  HMX  formulation. 

However,  from  an  shock  insensitive  propellant  stand 
pouit,  this  type  of  behavior  is  desirable.  This  is  due  to  the 
fact  that  if  a  propellant  is  going  to  detonate  it  should  only 
occur  at  fairly  discrete  high  pressures,  as  is  the  case  for 
these  propellants. 

The  relative  low  shock  sensitivity  of  these  propellants  is 
attributed  to  three  basic  factors.  First,  the  amount  of  high 
energy  explosive,  HMX  or  RDX,  was  reduced  from  67%  to 
15%-17%,  the  remainder  being  replaced  with  AN.  This  has 
the  overall  effect  of  reducing  the  shock  sensitivity  of  the 
propellant  because  AN  is  much  less  sensitive  to  shock  than 
RDX  or  HMX.  The  other  two  factors  involved  the  reduction 
of  density  discontinuities  and  thus  the  number  of  hot-spots 
initiated  This  was  the  result  of  the  RDX  or  HMX  being 
present  in  small  particle  size,  (2pm),  and  eliminating  the 
high  density,  (6.14  gm/cc)  lead  carbonate  burn  talc 
modifiers 


The  reduction  of  AN  participation  in  the  detonation  reac¬ 
tion  can  be  seen  from  the  Pop-plots.  In  the  RDX  PbCC>3, 
formulation  containing  the  lead  carbonate,  the  Pop-plot  is 
well  behaved  and  is  linear  until  the  run  to  detonation  does 
not  occur.  In  fact  if  one  were  to  plot  the  "no  go"  point  it 
would  lie  on  the  same  line.  However,  in  both  the  HMX  and 
RDX  formulations,  at  approximately  7.5  GPa,  there  is  a 
distinct  change  in  the  Pop-plot  that  is  quite  consistent  for 
both  formulations.  In  the  work  of  Stinecipher  (Ref  5)  on 
composite  explosives,  the  partial  AN  reaction  was  at¬ 
tributed  to  intermolecular  reactions  in  the  detonation  zone 
of  only  a  thin  layer  of  the  AN.  In  this  work  however,  it  is 
suggested  that  further  participation  of  the  AN  can  be  in¬ 
duced  by  higher  shock  pressures  or  high  density  disconti¬ 
nuities. 

3.7  SUMMARY 

The  shock  sensitivity  of  several  propellants  were  assessed 
in  the  wedge  test.  The  results  indicated  that  these  propel¬ 
lants  are  much  less  shock  sensitive  than  the  conventional 
minimum  smoke  propellants.  This  paper  also  included  a 
study  of  the  effect  of  various  formulation  variables  on  the 
shock  sensitivity  of  this  type  of  propellant  composition. 

This  study  provided  much  guidance  in  tailoring  the  formula¬ 
tion  for  further  reducing  the  shock  sensitivity  of  these  ma¬ 
terials.  The  results  indicated  that  the  use  of  shock  insensi¬ 
tive  filler  (AN).and  increasing  the  degree  of  homogeneity 
(use  of  fine  particles  of  high  explosive),  minimized  the 
physical  discontinuities  and  reduced  the  shock  sensitivity 
of  minimum  smoke  propellants.  These  studies  also  led  to 
some  insights  into  the  level  of  participation  in  the  shock 
to  detonation  reaction  of  certain  components  of  energetic 
composite  materials. 
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4  PART  III.  PLANAR  ROCKET  MOTOR  TEST 
MODEL 

Stephen  A.  Finnegan,  Jan  C.  Schulz 
and  J.  Kenneth  Pringle 

4.1  INTRODUCTION 

Bullet  or  fragment  impact  against  a  solid  rocket  motor  can 
cause  a  reaction  ranging  from  mild  burning  to  detonation. 
Prompt  detonation  may  occur  immediately  on  contact 
through  the  mechanism  of  shock-to-dctonation  transition 
(SDT).  Delayed  reaction  (either  burning  or  detonation)  may 
occur  at  later  times.  Delayed  reactions  are  believed  to  be 
associated  with  damage  and  fragmentation  of  propellant 
during  penetration;  however,  the  underlying  mechanisms 
are  not  well  understood. 

Study  of  delayed  reaction  phenomena  is  complicated  by  the 
fact  that  these  processes  occur  within  the  motor  case.  A 
planar  rocket  motor  test  model  has  been  developed  as  an  aid 
in  visualizing  these  processes.  This  model  consists  of  a 
steel  plate,  a  layer  of  propellant,  an  air  gap,  a  second  layer 
of  propellant,  and  a  second  steel  plate,  as  shown  in  Fig.  1. 
A  degree  of  confinement  is  provided  by  the  addition  of 
transparent  Plexiglas  sidewalls.  The  open  architecture  of 
the  model  allows  impact  and  reactions  within  the  bore  (air 
gap)  to  be  photographed. 


Fig.  1.  Planar  Rocket  Test  Model. 

The  basis  for  this  test  model  was  the  observation,  made 
from  impact  tests  using  inert  simulant,  that  a  "bubble"  of 
propellant  debris  forms  at  the  rear  of  the  first  propellant 
layer  as  a  result  of  projectile  perforation  of  the  layer.  As 
the  bubble  expands  longitudinally  into  the  adjacent  air 
space,  it  elongates  and  eventually  breaks  into  fragments. 
The  presence  of  a  closely  spaced  second  propellant  layer 
inhibits  breakup  and  leads  to  the  formation  of  "shredded 
appearing"  debris  (Ref  1). 

Planar  rocket  motor  test  model  results  show  that  ignition 
of  bubble  debris  occurs  upon  impact  with  the  second  pro¬ 
pellant  layer  followed  by  a  reaction  ranging  from  mild 
burning  to  delayed  detonation,  depending  on  the  type  of 
propellant  and  the  width  of  the  air  gap  (Ref  2).  Further 
studies,  including  hydrocode  modelling,  show  that  the  ratio 
of  air  gap  distance  to  bubble  breakup  elongation  is  an 
important  factor  in  determining  the  type  and  intensity  of 
reaction  that  occurs  (Ref  3). 

The  present  paper  reviews  the  work  done  to  date  on  ener¬ 
getic  materials  using  the  planar  test  model.  In  addition  to 
summarizing  previous  work,  it  also  discusses  results  from 
current  efforts. 


4.2  HYDROCODE  STUDY 

A  parametric  study  of  the  debris  bubble  expansion  and 
breakup  process  was  conducted  using  an  Eulerian  hy¬ 
drocode,  CSQ  ID.  The  study  was  performed  to  establish  the 
basic  character  of  the  debris  bubble  and  to  establish 
breakup  trends  as  a  function  of  various  target  and  impact 
parameters.  Parameters  varied  included  impact  velocity, 
propellant  layer  thickness,  and  plate  material.  Runs  were 
made  against  "half  targets"  only;  impact  against  a  second 
propellant  layer  was  not  considered. 

The  output  of  each  hydrocode  run  consisted  of  a  sequence  of 
computer  plots  showing  deformed  cross-sections  of  the 
projectile  and  target  layers  at  constant  time  intervals.  An 
example  is  shown  in  Fig.  2.  At  30  ps  the  projectile  h  s 
perforated  the  plate  and  is  penetrating  through  the  propel¬ 
lant  layer.  By  60  ps  a  bubble  has  started  to  form  at  the  rear 
surface  of  this  layer.  The  layer  elongates,  thins  down  and 
starts  to  break  up  at  some  time  prior  to  150  ps.  The  plots 
indicate  that  the  debris  bubble  can  be  regarded  as  an 
expanding  hollow  shell,  similar  to  those  occurring  in 
hypervelocity  impacts  (Ref  4).  The  exterior  shape  closely 
matches  that  seen  experimentally  at  distances  out  to  3-4 
inches  (Ref  2). 

From  the  computer  plots,  debris  bubble  elongation  as  a 
function  of  time  and  at  breakup  can  be  determined.  An 
analysis  of  the  computer  runs  for  the  various  parameters 
studied  showed  that  breakup  elongation  increases  with  im¬ 
pact  velocity,  propellant  layer  thickness,  and  plate  density 
(Ref  3).  (A  comparison  between  hydrocode-calculated 
elongation  measurements  and  experimentally-measured 
elongation  values  and  reaction  limits  is  presented  in  a  later 
section  of  this  paper.) 

It  should  be  pointed  out  that  the  debris  bubble  is  not  a 
spall.  A  spall  is  the  result  of  tensile  failure  when  a  shock 
wave  is  reflected  back  into  the  material  as  a  rarefaction  at  a 
free  surface.  Bubble  formation  in  the  present  case  is  a  much 
longer  term  process  produced  by  the  mechanical  interaction 
of  the  projectile  with  the  propellant  layer.  This  is  clearly 
shown  by  the  modelling  results.  A  comparison  of  initial 
shock  pressures  in  the  propellant  (determined  by 
impedance  matching)  with  hydrocode -calculated  breakup 
elongation  values  for  various  case  materials  also  shows  no 
correlation,  indicating  that  the  initial  shock  is  not  respon¬ 
sible  for  breakup  of  the  bubble  (Ref  3). 

4.3  EXPERIMENTAL  SETUP 

Energetic  materials  used  in  the  various  studies  included  two 
conventional  aluminized,  one  reduced  smoke  HTPB/AP,  and 
four  minimum  smoke  propellants  along  with  one  explosive 
(Composition  B).  Of  these,  two  (reduced-smoke  HTPB/AP 
and  one  high-nitramine,  minimum-smoke  material)  were 
tested  extensively  and  the  others  to  a  more  limited  degree. 

For  comparability,  the  thickness  of  the  propellant  layers 
and  cover  plates  (1  1/2  and  1/16  inches,  respectively)  were 
held  constant.  Hardened  (370  BHN)  steel  was  generally 
used  for  the  first  (impact  side)  cover  plate,  while  mild  (95 
BHN)  steel  was  often  used  for  the  second  (exit  side)  plate, 
particularly  in  latter  tests.  Latter  tests  also  included  some 
involving  uncovered  (bare)  propellant.  Initially,  the  air 
gap  was  varied  between  1/4  and  7  inches.  As  it  became  ap¬ 
parent  that  the  most  violent  reactions  occurred  at  air  gaps 
below  3  inches,  that  value  became  the  upper  limit  for  most 
subsequent  tests.  Projectiles  were  mostly  3/4-inch-diameter 
mild  steel  spheres,  although  3/4-inch-diameter  ogival¬ 
nosed  cylinders  were  used  for  two  tests. 

Projectiles  were  Fired  from  a  20  mm  smooth  bore  powder 
gun.  The  velocity  range  for  testing  was  2000-4600  ft/s; 


:o- 1 1 


Fig.  2.  Hydrocodc  plots  for  3/4  inch  steel  sphere  impacting  1  l/2-inch  propellant  layer  with  1/16-inch 
steel  cover  plate  at  3800  ft/s. 


however,  most  testing  was  done  at  velocities  between  3600 
and  4000  ft/s.  Projectiles  were  sabotted  for  launching. 
Those  for  spherical  projectiles  were  designed  to  separate 
during  flight  and  be  stopped  by  a  stripper  plate;  those  for 
ogival  projectiles  were  rigidly  attached  to  provide  greater 
stability  during  flight  and  target  penetration.  In-flight 
proiectile  velocities  were  measured  using  a  Photcc  high 
speed  camera  running  at  16,000  trar.;es/s  in  conjunction 
with  a  backlighting  system  consisting  of  a  diffusing  screen 
and  light  source  (initially  sunlight  and  reflecting  mirror, 
later  an  anay  of  flash  lamps).  Impact  processes  and  propel¬ 
lant  reactions  were  observed  using  a  Fastax  high-speed 
camera  running  at  32,000  frames/s  along  with  a  separate, 
similar  backlighting  system. 

Targets  were  initially  enclosed  by  Plexiglas  sidewalls. 
However,  an  analysis  of  delayed  detonation  reactions  indi¬ 
cated  that  most  occurred  too  early  after  impact  of  the  bubble 
for  pressure  buildup  due  to  confinement  to  be  a  factor  in  ini¬ 
tiation.  After  this  was  confirmed  by  tests  of  unconfined 
targets,  later  tests  were  done  without  these  enclosures. 

4.4  EXPERIMENTAL  RESULTS 

The  main  data  source  from  each  test  was  the  film  record 
from  the  high  speed  camera.  Space  limitations  prevent 
those  from  being  shown  in  this  paper.  Instead,  major 
events  (e  g,  ignition  and  reaction  patterns)  arc  shown  in  a 
scries  of  sketches  made  from  the  film  records. 
Photographic  records  can  be  found  in  a  previous  report  (Ref 
2).  Results  for  impacts  involving  violent  burning  and 
impacts  involving  delayed  detonation  are  discussed  in  the 
following  two  sections. 

4.4. «  foixnias.  itsAOlaa  As  shown  in  Fig.  3.  ignition 
of  bubble  debris  first  occurred  upon  impact  with  the  second 
propellant  layer.  (Tests  of  "half  targets",  i.e  ,  with  the 
second  propellant  layer  removed,  showed  no  ignition  of 
bubble  material  for  expansion  distances  up  to  12  18 
inches.  Bubble  debris  was  also  safely  captured  in  cotton- 
batting  filled  containers.)  In  all  cases,  ignition  appeared 
to  be  associated  with  impact  of  the  projectile  rather  than 


impact  of  bubble  debris.  No  ignition  attributable  solely  to 
impact  of  bubble  debris  on  the  second  propellant  layer  was 
observed. 
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Fig.  3.  Sketch  of  Debris  Bubble  Ignition  Process. 

For  most  propellants,  ignition  of  bubble  debris  was  fol 
lowed  by  a  burning  reaction  that  propagated  outwards  from 
the  center  of  the  impact  area.  Two  kinds  of  burning  reac¬ 
tions  were  observed  depending  on  the  width  of  the  ait  gap. 
An  intense  reaction,  found  at  smaller  air  gaps  (generally 
below  3  inches),  was  associated  with  debris  flowing  out¬ 
wards  along  the  impact  surface,  as  sketched  in  Fig.  4.  In 
this  situation,  the  debris  bubble  appeared  to  be  opaque 
(unbroken)  prior  lo  impact  and  the  projectile  was  sub¬ 
merged  within  it.  A  less-intense  reaction,  found  at  a  7-inch 
air  gap,  was  associated  with  debris  moving  backwards 
through  the  center  of  the  incoming  bubble  material,  as 
sketched  in  Figure  5.  In  this  case,  the  debris  bubble  was 
fragmented  prior  to  impact  and  the  projectile  was  clearly 
visible,  traveling  ahead  of  the  debris.  Crater  debris  associ¬ 
ated  with  impacls  of  particular  mailer  appeared  to  be  re¬ 
sponsible  for  this  particular  reaction  pattern 
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big  4.  Sketch  of  Propellant  Flow/Rcaction  Patterns 


Fig  5.  Sketch  of  Crater  Ejecta  Reaction  Pattern. 


Both  reactions  appeared  to  take  place  largely  in  post-im¬ 
pact  bubble  debris.  (This  was  determined  by  tests  in  which 
inert  simulant  was  substituted  for  cither  the  first  or  second 
propellant  layer.  Ref  2)  There  was  little  evidence  of  reac¬ 
tion  involving  pre-impact  debris  Differences  in  reaction 
patterns  were  attributed  to  differences  in  bubble  characteris¬ 
tics  prior  to  impact;  i.e.,  whether  the  bubble  was  unbroken 
or  broken 


Estimates  of  burning  reaction  intensity  were  also  made 
from  the  test  film  Framc-to  frame  light  intensity  mea¬ 
surements  were  made  using  a  hand-held  exposure  meter  and 
then  integrated  to  get  an  overall  measure  of  reaction. 
(  over  plate  velocities  were  also  measured  to  provide  an 
estimate  of  internal  pressurization.  A  plot  of  these  two 
reaction  measures  against  air  gap  width  for  propellant 
impacted  at  a  constant  impact  velocity  is  shown  in  Fig.  6. 
The  estimated  distance  for  bubble  breakup  ts  also  shown. 
Both  measures  show  that  maximum  reaction  occurs  at  an  air 
gap  where  the  bubble  is  unbroken  prior  to  impact. 
Measurements  for  other  propellant  show  similar  results. 


Fig.  6  Reaction  Light  Integral  and  Plate  Velocity 
Comparison. 

4.4.3  Delayed  Detonation.  For  two  minimum-smoke 
propellants  and  Composition  B  explosive,  impact  of  the 
debris  bubble  on  the  second  propellant  layer  resulted  in 
delayed  detonation  within  a  certain  range  of  air  gaps. 
Detonation  initiated  at  the  point  of  impact  (and  usually 
within  a  few  microseconds  suggesting  that  confinement  ef¬ 
fects  were  not  important  in  this  situation)  and  propagated 
backwards  through  the  wall  of  the  bubble  towards  the  first 
propellant  layer,  as  shown  in  Fig.  7.  The  first  layer  usually 
detonated  ahead  of  the  second  layer.  (The  latter  appeared  to 
detonate  sympathetically  with  the  first.) 


A  plot  of  detonation  delay  time  versus  air  gap  for  one  pro¬ 
pellant  is  shown  in  Fig.  8.  (These  values  represent  upper 
limit  estimates  because  of  the  large  interframe  times.)  The 
increased  delay  time  for  the  largest  air  gap  (2.75  inches) 
was  believed  caused  by  the  onset  of  breakup  along  the  front 
of  the  bubble.  The  increase  for  gaps  less  than  15  inches 
appeared  to  be  due  to  a  second  detonation  mechanism  in 
volving  the  second  propellant  layer  and  possibly  confine¬ 
ment  effects.  (This  conclusion  was  based  on  two  tests,  at 
10  and  1.5  inch  air  gaps,  in  which  inert  simulant  was  sub¬ 
stituted  for  the  second  propellant  layer  and  where  detona¬ 
tion  occurred  only  at  the  larger  air  gap.) 
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Fig.  8.  Detonation  Delay  Times  for  a  Minimum- 
Smoke  Propellant. 


To  examine  the  relationship  between  bubble  breakup  elon¬ 
gation  and  die  upper  detonation  limit  (i.e.,  the  average  be¬ 
tween  the  largest  air  gap  for  detonation  and  smallest  for 
burning),  measured  breakup  elongations  and  detonation 
limits  were  compared  with  hydrocode-calculated  breakup 
elongations  A  comparison  of  breakup  elongations  for 
covered  propellant  as  a  function  of  propellant  layer  thick¬ 
ness  is  shown  in  Fig.  9.  Agreement  is  quite  good.  A 
comparison  of  breakup  elongations  for  both  covered  and 
bare  propellant  as  a  function  of  impact  velocity  is  shown 
in  Fig.  10.  Measured  values  for  this  propellant  are 
somewhat  higher  and  differences  between  bare  and  covered 
material  larger  than  predicted.  Data  trends  for  both  target 
conditions  are  about  the  same  as  predicted  ones,  however. 
Measured  breakup  elongations  probably  represent  upper 
bounds  to  the  actual  breakup  elongations  because  of  diffi¬ 
culties  in  determining  the  onset  of  breakup  photographi¬ 
cally. 


Fig  9.  A  Comparison  of  Measured  and  Hydrocodc- 
Calculated  Bubble  Breakup  Elongations  Versus  Propellant 
Layer  Thickness  for  a  Minimum  Smoke  Propellant. 


Fig.  10.  A  Comparison  of  Measured  and  Hydrocode- 
Calculated  Bubble  Breakup  Elongations  Versus  Impact 
Velocity  for  a  Minimum  Smoke  Propellant. 

A  comparison  of  measured  detonation  limits  and 
hydrocode-calculated  breakup  elongations  for  both  covered 
and  bare  propellant  as  a  function  of  impact  velocity  is 
shown  in  Fig.  11.  Detonation  limits  for  bare  propellant 
appears  to  be  relatively  constant  over  this  velocity  tange 
indicating  that  the  breakup  elongation  remains  roughly  the 
same.  This  behavior  is  quite  different  than  that  for  covered 
propellant  where  the  breakup  elongation  increases  with 
impact  velocity.  These  differences  may  be  attributed  to  dif¬ 
ferences  in  projectile  deform  ion  for  the  two  impact  condi¬ 
tions.  Projectile  deformation  is  relatively  small  for  impact 
against  bare  propellant  at  these  velocities  resulting  in  a 
more  constant  bubble  size.  In  contrast,  projectile  deforma¬ 
tion  becomes  significant  at  the  higher  velocities  for  im¬ 
pacts  against  covered  propellant  resulting  in  a  larger  bub¬ 
ble. 


Fig.  11.  A  Comparison  of  Measured  Detonation  Limits 
With  Hydrocode-Calculaled  Bubble  Breakup  Elongations 
Versus  Impact  Velocity  for  a  Minimum  Smoke  Propellant. 

The  effect  of  propellant  brittleness  on  the  detonation  limit 
was  examined  using  Composition  B  explosive.  For  impact 
of  spheres  at  3800  ft/s,  the  measured  detonation  limit  for 
covered  Composition  B  was  1.50  inches  as  compared  to 
2.75  inches  for  propellant.  This  reduction  is  consistent 
with  the  smaller  breakup  elongation  expected  for  a  brittle 
material  (Ref  5). 
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The  effect  of  projectile  geometry  on  the  detonation  limit 
wac  examined  using  ogival  fronted  cylinders.  At  an  impact 
velocity  of  3800  ft/s.  the  measured  detonation  limit  for 
ogival  projectiles  against  hare  propellant  was  1.25  inches 
as  compared  to  1.75  inches  for  spheres.  Tins  reduction  re 
fleets  the  lower  penetration  resistance  for  this  nose  shajie 
that  allows  easier  perforation  of  the  bubble  wall. 
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Discussion 

QUESTION  BY  VICTOR.  US:  Based  on  the  timing  and  the  similarity  of 
the  phenomena  it  would  appear  that  what  you  see  in  the  planer  tests 
you  reported  on  and  what  Brunet  reported  on  in  the  cylindrical  tests 
there  seems  to  be  similar  phenomena  that  are  explained  by  different 
reasonable  explanations.  Have  you  any  comment  or,  this? 

ANSWER;  Yes,  it  is  fundamentally  the  same  mechanism  in  that  both 
require  damage  to  the  propellant  do  to  tension  in  the  bubble  or 
coalescence  with  the  shock  wave  followed  by  a  compression  shock 
which  then  detonates  the  system. 
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SUMMARY 

A  thorough  understanding  of  the  chain  of  events  that  occur 
within  an  ordnance  when  it  is  subjected  to  a  thermal 
stimulus  is  needed  to  describe  the  cook-off  occurrence.  It 
was  proposed  that  these  mechanisms  should  consider  i)the 
system  configuration,  ii)  materials  and  iii)  the  type  of 
thermal  environment  that  poses  a  viable  threat  to  the 
energetic  material.  The  attempts  to  satisfy  these 
requirements  at  DREV  has  led  to  a  cook-off  test  that 
simulates  variable  thermal  environments  on  a  system 
configuration  that  best  addresses  our  needs.  The  energetic 
material  to  be  tested  with  these  tests  includes  all  ."BX’s  in 
development  at  DREV. 

This  paper  aims  to  present  the  methodology  of  the  cook-off 
test  at  DREV,  using  guidelines  from  U.S.  DOD-STD- 
2105(NAVY)  (3.3°C/h)  and  three  other  intermediate  heating 
rates  to  show  the  effect  of  heating  rate  on  the  reaction 
temperature  of  explosives.  The  ordnance  is  defined  by  a 
representative  design  of  a  150mm  ordnance  system  with 
predefined  constants  of  size  and  confinement.  The  energetic 
material  chosen  for  these  tests  was  DREV’s  CX-84A. 


List  of  Symbols 

c  heat  capacity 

E  activation  energy  of  the  reaction 

k,  pre-exponential  factor 

Q  reaction  heat 

q  heating  rate 

R  gas  constant 

t  time  to  reaction 

T,  initial  temperature 

T  reaction  temperature 

l.  INTRODUCTION 

The  cook-off  occurrence  of  an  explosive  is  described  as  an 
unintended  reaction  of  the  energetic  material  due  to  a 
varying  thermal  environment.  The  thermal  environment  may 
consist  of  the  munition's  exposure  in  a  fire  to  the 
munition's  cyclic  thermal  loading  while  being  transported  or 
being  stored.  The  thermal  decomposition  of  the  munition 
depends  on  the  heat  exchange  with  the  surroundings.  Of 


particular  danger,  and  of  special  interest  to  many 
researchers,  is  the  slow  cook-off  process.  The  cook-off 
phenomena  occurring  at  slow  heat  rates  or  lower 
temperatures  depends  on  the  mass  of  the  explosive,  the 
exposed  surface  of  the  material,  the  applied  heat  rates,  etc. 
The  reaction  temperature  of  the  explosive  at  low  ambient 
conditions  is  usually  less  than  that  experienced  at  high  heat 
environments.  The  thermal  decomposition  of  the  explosive 
proceeds  slowly  at  low  ambient  conditions  and  the  heat 
transfer  is  efficient  since  most  of  the  heat  generated  in  the 
environment  is  transferred  to  the  explosive,  "hcrcas,  to: 
higher  heating  environments  such  as  a  fast  cook-off,  the 
generated  heat  is  dissipated  and  the  heat  transfer  is  less 
efficient.  In  simulating  realistic  situations  or  stimuli,  the 
munition  may  be  exposed  to  a  cook-off  mechanism  which 
can  be  a  combination  of  both  or  an  intermediate  other  than 
the  slow  or  fast  cook-off.  An  example  of  this  may  be  the 
heat  transfer  from  a  hot  gun  barrel  to  a  lodged  muniion 
casing.  The  complexity  of  the  cook-off  mechanism  is  also 
dependant  on  the  degree  of  confinement  and  the  mass  of  the 
explosive.  The  ideal  scenario  would  include  munitions  of 
practical  size  and  confinement  subjected  to  a  hazardous 
thermal  environment.  In  this  study,  an  experimental  method, 
with  known  explosive  mass  contained  in  a  generic  munition 
casing,  has  been  developed  in  order  to  determine  a 
relationship  between  the  healing  rate  and  the  reaction 
temperature  of  an  explosive  when  subjected  to  various 
heating  rates. 

2.  METHOD 

For  each  experiment,  a  metal  cylinder  filled  with  energetic 
material  was  subjected  to  a  controlled  thermal  environment 
via  an  enclosed  oven.  A  schematic  of  the  cylinder  is  shown 
in  Figure  1  a  and  a  generic  schematic  of  the  test  is  shown  in 
Figure  lb.  The  design  consideration  for  the  cylinder  was  to 
simulate  as  realistically  as  possible  a  155  mm  warhead 
containing  5  Kg  of  explosive.  The  cylinder’s  volume  was 
3L  and  the  top  cover  (Cover  B)  was  specifically  designed  to 
burst  at  an  internal  pressure  between  22MPa-24MPa,  which 
simulates  the  munition's  bursting  pressure.  The  placement 
of  the  container  within  the  oven  was  carefully  considered  in 
order  to  minimize  varying  heat  flux  and  large  air 
temperature  gradients.  The  heat  flow  on  all  surfaces  of  the 
container  were  to  depict  a  free  flowing  con'  etive  and 


conductive  heat  transfer. 

As  the  oven  was  heated,  four  temperature  measurements 
were  obtained  by  type  K  (chromel/alumel)  thermocouples. 
One  thermocouple  measured  the  temperature  of  the 
explosiv e/metal  interface  at  the  longitudinal  center  of  the 
container.  Another  was  placed  within  the  oven  at  the  mid 
point  of  the  air  gap  between  the  heating  elements  and  the 
explosive  container  in  order  to  log  the  oven  temperature. 
This  thermocouple  was  situated  along  the  plane 
perpendicular  to  the  mid  point  of  the  longitudinal  axis  of  the 
cylinder.  The  third  and  fourth  thermocouple  charted  the 
temperature  of  the  air  gap  at  both  the  top  and  bottom  edge 
of  the  cylinder  These  two  thermocouples  gave  the 
lemoerature  gradient  of  the  air  along  the  length  of  the 
cylinder.  Each  thermocouple  was  attached  to  a  two  wire 
transmitter  (ACROM \n  ;  ^  ,  ne  transmitters  were  u-ed 

^oncmion  thermocouple  input  signals  and  convert  the 
signal  to  a  4  to  20mA  process  current  output.  The  units 
were  calibrated  for  a  (f  to  700°  C  input  for  the  4  to  20  mA 
output  range.  A  24Vdc  power  supply  with  a  500Q  series 
resistant  was  attached  to  each  of  the  transmitters. 

A  data  acquisition  system  (HP3852a)  was  used  to  obtain  the 
measurements  of  the  thermocouples.  Modules  for  the  system 
in  the  form  of  a  volumeter  and  a  20  channel  relay 
multiplexer  were  needed  for  the  data  acquisition 
configuration.  This  permitted  the  output  voltage  from  the 
thermocouples  to  be  converted  to  actual  temperature 
readings  by  incorporating  a  relation  within  the  computer 
program. 

Using  programmable  PID  control  via  a  micro  computer,  the 
heating  environment  could  be  varied  at  any  stage  of  the 
experiment.  A  computer  programs  the  functions  and 
downloads  into  die  data  acquisition/control  unit,  with  which 
the  latter  controls  a  closed  3  KW  oven  with  a  feedback 


transfer  function  interpreted  by  the  temperature  reading 
obtained  by  the  center  thermocouple  located  in  the 
oven. Cylindrical  brick  refractory  type  ovens  rated  at  3  kW 
were  used  for  the  experiments.  A  silicon  relay  with  a  0  to 
5  Vdc  setting  was  used  concurrently  with  an  analog/digital 
converter, via  feedback  from  the  oven  thermocouple  reading, 
to  control  the  240Vac  power  supply  to  the  oven.  An 
isolation  transformer  was  placed  in  the  voltage  line  to 
protect  the  equipment  in  case  of  a  short  circuit  or  power 
surge  when  a  reaction  occurred  within  the  oven. 

A  video  camera  was  also  used  to  record  the  event  of  the 
reaction  of  the  explosive.  It  was  placed  in  a  well  protected 
environment  and  the  image  of  the  oven  was  transmitted  to 
the  camera  via  mirrors.  A  pressure  transducer  (Kistler 
Model  206)  placed  at  5m  from  the  oven  was  also  used  to 
record  the  pressure  wave  (blast)  of  the  i caution. 

DREV  CX-84A  explosive  was  cast  into  four  cylinders  and 
each  cylinder  was  subjected  to  one  of  the  predetermined 
heating  rales.  After  filling,  the  explosive  cylinders  were 
stored  at  an  ambient  temperature  of  20°C  until  the  cook-off 
test  was  initiated.  The  applicable  heating  rates  for  the  cook¬ 
off  test  were  3.3°C/h,  9°C/h,  25°C/h  and  75°C/h. 
Thermocouple  readings  were  obtained  for  each  test  until  a 
reaction  was  recorded  wilhin  the  cylinder.  The  time  for  the 
cook-off  was  also  recorded. 

During  each  test,  the  oven  was  heated  to  approximately 
100°C  using  higher  heating  rates  than  the  applicable  rates  in 
order  to  accelerate  the  cook-off  process.  This  conditioning 
has  no  adverse  affect  on  tire  explosive’s  reaction  because 
the  temperature  is  more  than  50°C  lower  than  the  assumed 
exothermic  reaction  temperature  of  the  explosive.  The 
healing  rate  was  then  kept  constant  at  one  of  the  four 
mentionned  healing  rates  for  the  duration  of  the  test. 
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Figure  la:  Explosive  filled  cylinder 


Figure  lb:  Schematic  of  cook-off  setup 


3.RESULTS  AND  DISCUSSION 


various  thermal  environments  using  experimental  data. 


Figures  2  to  5  show  an  array  of  results  showing  the  oven 
temperature  and  the  temperature  of  the  explosive/cylinder 
interface  within  the  cylinder  at  the  four  healing  rates.  The 
graphs  also  display  the  time  to  reaction.  It  is  first  noticed 
that  the  time  to  cook-off  was  greater  at  low  heating  rates.  At 
a  heating  rate  of  3.3°C/h,  the  time  for  a  reaction  to  occur, 
as  measured  from  the  reference  oven  temperature  of  100°C 
was  21.4  hours,  whereas,  at  a  heating  rate  of  75°C/h,  the 
time  was  only  2.5  hours.  The  time  for  reaction  at  9°C/h  and 
25°C/h  was  9,8  and  4.9  hours,  respectively.  The  reaction 
temperature  has  also  changed.  The  reaction  temperature 
increased  from  153°C  as  measured  at  3.3°C/h  to  179°C  as 
measured  for  the  heating  rate  of  75°C/h.  The  reaction 
temperatures  at  9°C/h  and  at  25°C7h  were  found  to  be 
1  h53C  and  1 72°C.  respectively.  The  phenomena  of  increased 
reaction  temperature  concurs  with  analytical  work  treating 
the  effect  of  low  and  high  temperatures  [Ref.1,2,3,4], 
However,  the  analytical  work  only  estimates  the  relative 
increase,  since  not  enough  practical  data  has  been  collected 
to  accurately  predict  the  explosives  behaviour  in  any 
confinement  at  various  heating  rates.  However,  there  is 
ongoing  work  by  many  countries  to  model  the  reaction  of 
energetic  materials,  in  various  states  of  confinement,  to 


Figure  6  illustrates  the  correlation  of  the  reaction 
temperature  to  that  of  the  heating  rate  of  the  oven.  It  has 
been  found  that  the  experimental  data  can  be  fitted  to  an 
equation  of  the  form  of  the  approximated  expression  derived 
by  Frank-Kamenetsky  [Ref.5]  which  approximates  the 
growth  of  the  reactant  temperature  of  a  large  body.  The 
expression  assumes  adiabatic  conditions  and  that  the  heat 
loss  rate  is  small  compared  to  the  growing  rate  of  heat 
generation.  The  expression  is  of  the  form 
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which  describes  the  convective  heat  transfer  across  the  body 
and  does  not  include  the  relation  for  the  shape  factor 
function  for  the  conductive  heat  transfer.  Frank-Kamenetsky 
proposed  a  function  Fk,  to  be  included  within  the  equation, 
to  simulate  the  conductive  heat  transfer  thoughout  the 
reactant.  The  variables  characterized  in  Fk  were  the 
material’s  thermal  conductivity,  density  and  shape  factor. 
The  relationship,  however,  does  not  consider  the  effects  of 
confinement  of  the  energetic  material,  the  convective  heat 


transfer  through  various  materials  other  than  the  energetic 
materia]  and  also  the  conductive  properties  through  the 
metal  encasement.  Such  consideration  would  require  a 
complex  model.  Therefore,  the  best  Fit  relation  of  the 
experimental  data  to  the  model,  in  simplified  constants  or 
terms,  was  found  to  be 

T- 144.97+8. 156-ln  (4)  <2> 

Equation  (2;  is  unique  in  that  it  is  the  expression  obtained 
for  the  reactant  temperature  of  the  explosive  CX-84A, 
confined  in  a  metal  cylinder,  as  a  function  of  the  heating 
rate. 

The  intensity  of  the  reaction  at  each  heating  rate  was  also 
noted  for  each  cylinder  and  they  were  found  to  be  similar, 
as  indicated  by  the  bursting  mechanism  of  the  cylinder  and 
as  shown  in  the  photographs  in  Figures  7  and  8.  For  each 
case,  the  cylinder  top  which  was  rated  for  24  MPa,  burst 
open  at  the  weakened  seam  and  the  energetic  material  was 
extruded  out  of  the  cylinder.  The  extruded  explosive  along 
with  its  remains  within  the  cylinder  burned  until  it  was 
totally  consumed.  The  degree  of  reaction  at  all  cases  was 
minimum  as  evidenced  also  by  the  negligible  pressure  wave 
measured  by  the  pressure  transducer  at  the  time  of  reaction. 
The  pressure  wave  at  5  m  from  the  cylinder  was  measured 
at  less  than  6  kPa. 

The  results  indicate  that  the  explosive  does  not  reart 
v  iolently  tor  various  cook  off  scenarios  and  that  the  reaction 
temperature  is  dependent  on  the  cook-off  parameter  of 
heating  rate 
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4.  Conclusion 

The  cook  off  method  adopted  at  DREV  adds  versatility  to 
the  existing  cook-off  method  described  in  DOD-STD-2105A 
by  altering  the  thermal  environment  of  the  test  sample.  The 
method  attempts  to  depict  thermal  environments  that 
simulate  tangible  hazardous  thermal  scenarios  of  munitions 
of  any  size  and  confinement.  The  procedure  can  realize  tests 
at  various  healing  rates  and  has  shown  experimentally  that 
the  energetic  material's  reaction  temperature  is  a  function  of 
the  thermal  environment.  DREV  explosive  CX-84A  has 
been  tested  in  a  generic  155  mm  casing  and  its  reaction 
temperature  was  found  to  be  a  function  of  the  heating  rate 
applied.  Tins  relation  is  unique  for  the  size  and  confinement 
of  the  explosive 

The  reaction  state  of  CX-84A  to  these  different  thermal 
environments  was  also  found  to  be  minimal  as  confirmed  by 
its  burning  reaction  and  there  was  no  significant  evidence 
that  the  hearing  rate  affected  the  degree  of  reaction.  The 
degree  of  reaction  cf  CX-84A,  at  the  slow  cook-off  rate  of 
3.3°C/h,  has  shown  that  the  explosive  has  passed  the 
insensitive  DOD-STD-2105A  requirements  for  the  test  (i.e. 
reacted  above  149°C  and  reaction  was  a  bum  [Ref  6]). 
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icjre  2:  Resu  ts  at  3.3°C/h. 
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gure  3:  Results  at  9°C/h. 
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Figure  4;  Resu  ;s  c*  25°C/h. 


igure  5:  Results  a:  75°C/ 
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Figure  6:  Correlation  of  the  experimental  data. 


Figure  7:  Photograph  of  cook-off  cylinder  after  test  at  9°C/h. 


Figure  8:  Photograph  of  cook-off  cylinder  after  test  at  757h. 


Discussion 

QUESTION  BY  SCHARP.  ?:  You  did  not  put  a  thermocouple  in  the 
center  of  the  explosive.  Did  you  make  theoretical  calculations  on 
the  expected  heat  transfer  and  temperature  in  the  explosive? 

ANSWER:  No,  I  have  not  made  theoretical  calculations  but  they  are 
forthcoming. 

QUESTION  BY  VAN  PER  STEEN.  THE  NETHERLANDS:  The  heating  rate 
for  a  cook  off  experiment  is  3.3  degrees  C/hr.  This  causes  a  very 
lengthy  experiment.  Could  we  conclude  from  your  experiment  that  a 
higher  heating  rate,  eg  25  degrees  C/hr.,  is  also  possible  for  a  "slow 
cook-off  test"? 


ANSWER:  Not  exactly,  the  correlation  curve  for  each  system 
configuration  must  include  testing  at  3.3  degrees  C/hr.  in  order  for 
proper  extrapolation. 
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RESUME 

Aprcs  avoir  passe  cn  revue  les  principaux  risques  lies 
aux  phcnomenes  thermiques  induits  a  bord  des  bailments 
de  surface  par  la  mise  it  feu  accidentelle  de  munitions,  on 
presente  les  travaux  expcrimeniaux  et  theoriques  mends  au 
G.E.R.Py  dans  le  domaine  des  agressions  thermiques  : 

-  cffcLs  globaux  produits  par  un  foyer  localise  dans 
une  soute  ,  transferts  thermiques  vers  les  locaux  adjaccnts 
et  comportement  des  munitions  vis  a  vis  de  ces  agressions, 

•  effets  locaux  produiLs  cn  particulier  par  les  jcLs  de 
propulscurs  sur  les  structures  environnantes  en  cas  d’allu- 
mage  intempcstif. 


INTRODUCTION 

L'objel  de  cel  expose  cst  de  presenter  les  travaux  ex- 
ptSrimcntaux  et  theoriques  mends  dans  le  domaine  des 
agressions  thermiques  &  bord  des  batiments  de  surface  par 
le  Groupc  d'Etudes  el  de  Recherche  de  Pyrotechnic 
(G.E.R.Py)  de  la  Direction  des  Constructions  Navales  de 
Toulon. 

Les  nombreux  incidents  survenus  a  bord  de  bali- 
ments  de  surface  et  notamment  celui  survenu  cn  mai  1987 
sur  1’USS  STARK  ont  mis  cn  evidence  les  risques  lies  aux 
ph<5nom6ncs  thermiques  (foyers  d’incendie,  transferts  de 
ehaleur)  et  en  particulier  ceux  induits  par  la  combustion 
de  matieres  actives  (propergol). 

Tout  peut  commcnccr  par  un  foyer  d’inccndic  locali¬ 
se  par  exemplc  dans  une  soute  provoquant  une  eidvauon 
de  tempdraturc  ct  dc  pression  dans  le  local  jusqu’i  rdac- 
uon  d'unc  ou  plusicurs  munitions  soumiscs  d  cette  am¬ 
biance  Ihcrmiquc. 

Au  niveau  dc  la  munition,  les  risques  peuvent  ctrc 
classes  scion  le  type  dc  reaction,  a  savoir : 


voquees  par  les  eclats  (fragmentation  dc  l’enve- 
loppe).  Les  travaux  recents  sur  les  explosifs  per- 
mettent  de  se  garantir  contre  ce  risque. 

-  reaction  d’explosion  (type  III)  avec  fragmenta¬ 
tion  de  1’enveloppe,  projection  d’6clats  et  effets 
locaux  de  surpression, 

-  reaction  de  propulsion  (type  IV)  avec  depart 
intempestif  de  la  munition  engendrant  des  degats 
importants  sur  les  structures  et  1'apparition  de 
foyers  d’inccndic  dits  secondaires, 

-  reaction  de  combustion  (type  V)  sans  propul¬ 
sion  ni  ouverture  violentc  de  l’enveloppc,  avec 
creation  de  foyers  d’incendie  localises. 


Au  niveau  dcs  amenagements,  on  distingue  : 


-  les  effets  globaux  caractenscs  par  des  gradients 
de  temperature,  dc  pression  ou  de  vitesse  d’dcou- 
lement  des  ga z  brules  dans  les  locaux  de 
stockagc  ou  dc  mise  en  oeuvre  (soules)  cl  dans 
les  conduits  d’dvacuation  (plenums).  Ces  eleva¬ 
tions  dc  temperature  peuvent  provenir  des  foyers 
dircctemeni  places  dans  le  local  ou  dc  foyers  si- 
tuds  dans  des  locaux  voisins  (echauffcmeni  lent), 

-  les  effets  locaux  dont  les  effets  dcs  jeLs  (pres¬ 
sion  et  temperature  a  1’impact,  vitesse  d’dcoule- 
ment  dcs  gaz)  sur  les  structures  ct  munitions  voi- 
sincs.  Ces  jets  peuvent  etre  gdndres  par  Ic  depart 
intempestif  de  propulscurs  ou  issus  de  perfora¬ 
tions  par  eclats  de  ces  memos  propulseurs. 


Les  travaux  traites  par  le  G.E.R.Py  concement  la  ca- 
racterisation  dc  ces  effets  globaux,  I'etudc  du  oomporte- 
ment  dcs  munitions  ct  des  effets  locaux  ainsi  que  les  pro¬ 
tections  associees.  On  presente  succcssivcmcnt  les  travaux 
experimentaux,  puis  les  travaux  theoriques. 


-  reaction  de  detonation  (type  I  ou  II  scion  le 
projet  dc  STANAG  4240)  avec.  endommagement 
dcs  structures  environnantes  par  la  surpression 
due  i  I'cffet  do  souffle  et  par  los  perforations  pro 


"  1 


Page  2 


I 


TRAVAUX  EXPERIMENTAL^ 

Trois  types  piincipaux  d’cssais  sont  effectuds  au 
G  E.R.Py  : 


-  en  premier  lieu,  des  essais  d’incendie  4  Pair  fi¬ 
bre  permettant  de  mieux  connaitre  l’agression 
elle-memc  II  s’agil  de  faire  bruler  diffdrents 
combustibles  (hydrocarbures,  propergols,  explo- 
sifs)  et  de  mesurer  la  distribution  spatiale  et  tem- 
porelle  des  temperatures  et  des  flux  rayonnds  par 
lc  foyer. 

Description  du  moyen  d’essai  ik  Pair  libre 

Lc  combustible  cst  dispose  dans  un  bac  de  sable,  ta- 
pisse  d’unc  feuille  de  polyethylene,  de  dimensions 
6  m  x  6  m  ou  dans  un  bac  meiallique  de  dimensions 
1.5  m  x  1.5  m.  Les  combustibles  testes  sont  des  hydrocar¬ 
bures  ou  des  matieres  actives  (propcrgol  ou  explosif).  La 
mise  it  feu  s’cffectue  par  allumagc  pyrotechniquc  (hydro¬ 
carbures)  ou  fil  resistant  (matieres  actives).  Les  mcsurcs 
cffcctuecs  sont  dc  deux  types  :  temperature  (thermocou¬ 
ples  chromcl-alumcl)  et  flux  (fluxmetre  de  rayonnement). 
Une  camera  video  pcrmei  de  suivre  le  dcroulcment  de  I’es- 
sat.  Une  ou  plusieurs  camera  rapides  (quelqucs  centaincs  a 
quelqucs  milliers  d’imagcs  par  seconde)  pcrmetient  de  vi- 
sualiser  des  instants  caracteristiqucs  de  I’inccndic.  La  du- 
rte  dc  1'inccndie  vane  dc  1  it  15  minutes. 

L'anncxc  A-l  preseme  une  courbc  de  temperature  et 
une  courbe  de  flux  en  function  du  temps  obtenues  lors 
d'un  cssai  dc  combustion  d’hydrocarbure. 

Pour  une  temperature  moyenne  du  foyer  dc  1 300  K, 
on  mesure  un  flux  de  rayonnement  dc  2.3  kW/m2  a  16  m. 


-  cn  second  lieu,  des  essais  d'incendie  en  milieu 
semi-confine  permettant  d’acquerir  des  donnecs 
sur  Pambiancc  regnant  dans  une  soutc  et  dans  les 
plenums  soumis  4  un  incendie  et  d’apprfcier  les 
transferts  thermiques  vers  les  locaux  adjacents. 
Ces  essais  sont  effectues  dans  une  enceinte  fer- 
m6c  avee  un  foyer  suffisammcnt  reduit  ou  dans 
une  enceinte  munie  d’un  conduit  d’evacuation  dc 
sorte  que  la  pression  moyenne  n’augmentc  pas 
dc  plus  dc  quelques  ccntaincs  de  millibars. 

Description  du  moyen  d’essai  cn  milieu  scrm-confine 

On  dispose  de  hois  enceintes  paralieicpipediqucs  de 
dimensions  Im  x  lm  x  2m.  La  premiere  ou  est  situ6  le 
foyer  d’incendie  est  appeldc  "volume  6metteur".  Les  deux 
autres  enceintes  places  respectivement  4  cdtd  et  au-dcs- 
sus  du  "volume  emetteur"  sont  appeldes  "volumes  rdeep- 
leurs".  Cc  dispositif  est  aussi  utilise  pour  revaluation  de 
I’efficacite  des  protections  thermiques.  Les  mcsurcs  effec- 
tuees  dans  le  "volume  6mettcur"  concemcnt  la  pression 
(par  captcur  ),  la  temperature  (par  thermocouple),  la  vi- 


tessc  des  gaz  (par  fil  chaud),  la  masse  de  combustible  bru- 
ie  (par  pesee  continue),  le  debit  de  gaz  dvacud  par  le 
conduit  (par  d6bitmetre  )  el  les  flux  thermiques  a  havers 
les  parois  (par  fluxm6tre  ).  Dans  les  "volumes  recepteurs", 
on  mesure  la  temperature  et  la  pression. 

Des  essais  sont  actuellements  conduits  avec  diffd- 
rents  combustibles  (propergol  et  explosif). 


-  en  dernier  lieu,  des  essais  d’impact  de  jets  de 
propulse ur  sur  une  plaque  mstrumeniee  et  rccou- 
verte  de  materiaux  caracteristiqucs  (par  exemple 
des  protections  thermiques)  permettant  de  visuali- 
ser  la  structure  du  jet,  de  mesurer  les  pressions, 
les  temperatures  (thermocouples  haute  tempera¬ 
ture  tungstfene-rhenium)  et  les  flux  thermiques  a 
l’impact  et  d’dvaluer  la  tenue  des  materiaux  tes¬ 
tes. 

Description  du  moyen  d’essai  d’impact  de  jets 

Pour  ces  essais,  on  place  le  propulseur  (ou  le  gcncra- 
teur  de  jet)  sur  une  potence  de  hauteur  rcglablc  (de  0.5  m 
a  2  m),  le  jet  etant  dirigd  vers  le  has  sur  une  plaque  circu¬ 
late  dc  rayon  0.5  m.  On  visualise  le  ,;t  a  l’aidc  dc  came¬ 
ras  rapides  et  on  mesure  les  pressions,  les  temperatures, 
les  flux  thermiques  cv  la  pousscc  globalc  (par  capteurs  de 
force  )  sur  la  plaque. 

On  prdsente  un  enregishement  de  temperature  sur 
une  plaque  recevant  un  jet  dc  debit  massique  dc  1  kg/s 
pendant  0.5  s  el  silude  i  1.5  m.  Une  temperature  maxi- 
malc  de  1213  K  cst  mesuree  a  0.2  m  dc  Lax**  du  jet  (an¬ 
nexe  A-2). 


Tous  ces  resullats  cxpdrimeniaux  sont  utilises 
comme  donnecs  d’entrdc  ou  comme  valcurs  de  reealage 
tics  differents  codes  de  calcul  utilises  lors  de  la  modelisa- 
uon  dc  ces  phdnomfenes. 


TRAVAUX  THEORIQUES 

Les  travaux  de  moddlisation  des  consequences  d’unc 
agression  thermique  sont  mends  au  G.E.R.Py  avec  les  ou- 
bls  numdriques  suivants  : 


-  ANSWER  :  code  dc  mdcanique  dcs  fluidcs  tridimen- 
sionnel  aux  Volumes  Finis  ddveloppd  par  ACR1  (USA)  cl 
PRINC1PIA  (France)  ulilisd  pour  les  calculs  d'incendie  en 
milieu  semi-confine  (champs  de  pression,  dc  temperature 
ct  dc  vitesse  dcs  gaz  dans  une  soutc  ou  un  conduit)  et 
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pour  les  calculs  d’impact  de  jets  (temperature,  pression,  Vi¬ 
tesse). 

Ecoulcment  dans  un  milieu  semi-confinc 

On  etudie  les  consequences  de  1’allumage  intempes- 
uf  d’un  propulseur  place  dans  une  soute  a  laquelle  est  rac- 
corde  un  plenum. 

Le  calcul  effectue  en  configuration  axisymetrique 
utilise  comme  conditions  initiates  la  pression  atmosphen- 
que  et  une  temperature  de  290  K,  comme  conditions  gene¬ 
ratrices  de  recoulement  une  pression  de  10  MPa  et  de 
2800  K,  ce  qui  entratne  comme  conditions  de  sortie  de  jet 
une  pression  de  1  MPa  ,  une  temperature  de  1500  K  et 
une  vitcsse  de  2000  m/s. 

Etude  du  jet  ft  la  sortie  de  la  tuyere 

La  soute  a  un  rayon  de  0.7  m  ct  une  longueur  de 
1  m.  Le  pas  de  temps  est  de  10 *  s.  Les  resultats  presumes 
concement  la  pression  puis  la  temperature  a  1  ms  (annexe 
A-3). 

Elude  du  ict  dans  I’ensemhlc  soute-ptenum 

La  soute  a  un  rayon  de  1  m  ct  une  longueur  de  3  m. 
Le  plenum  a  un  rayon  de  0.3  m  et  une  longueur  de  9  m. 

On  presume  la  pression  et  la  temperature  a  250  ms 
puis  a  500  ms  ainsi  que  Petal  stationnairc  (annexes  A4  & 
A-5). 

A  250  ms,  recoulement  est  bloque.  Le  jet  est  alors 
refouie  dans  la  soute  cntrainani  une  elevation  de  la  pres- 
sion  el  de  mantere  plus  significative  dc  la  temperature. 


-  ABAQUS  :  code  thcrmo-mecanique  tndimcnsionnel 
aux  Elements  Finis  dcvcloppe  par  H.K.S.  (U.S.A.),  utilise 
pour  les  calculs  dc  rtponscs  d  une  munition  ou  d'une 
structure  5  une  agression  thermique  (temperature  el  flux) 
ainsi  que  pour  les  evaluations  dcs  temps  de  reaction. 


On  pre.scntc  les  resultats  en  temperature  d’une  muni¬ 
tion  soumisc  a  un  inccndic  de  temperature  900  K. 

Au  ftout  de  ft  mn,  re  qui  rorrespond  an  temps  de 
reacuon  dc  la  munition,  on  obtient  650  K  sur  Pcnveloppe 
exteneure  ct  490  K  dans  l'explosif  (annexe  A-6). 


-  NSTC3D  et  ESTET  :  devcloppes  respcctivemcnt  par 
P  I.N.R.I.A.  el  P  E.D.F.  (France)  utilises  pour  les  calculs 
d'incendie  en  milieu  confine  (champs  dc  pression,  de  tem¬ 
perature  et  dc  vitessc). 


-  NSTC3D  :  code  de  mecanique  des  fluidcs  tridi- 
mensionnel  compressible  aux  Elements  Finis 
pour  la  modelisation  d’un  feu  de  combustible  et 
des  transferts  thermiques  aux  parois  du  "volume 
emeueur’’. 

Les  conditions  initiates  a  P  intericur  du  lo¬ 
cal  sont  la  pression  atmospherique,  une  tempera¬ 
ture  de  290  K  et  une  vitesse  d 'ecoulcment  nulle, 

L’ecoulement  gazeux  est  suppose 
compressible,  laminaire,  le  gaz  parfait  et  transpa¬ 
rent,  la  viscosite  constante. 

Le  foyer  est  modeiise  comme  une  source 
de  propergol  solide  surfaeique  de  dimensions 
0.5  m  x  1  m,  de  temperature  2800  K  et  de  debit 
massique  0.5  kg/s  pendant  10  s. 

On  prend  une  condition  limite  de  convec¬ 
tion  avet  un  coefficient  de  10  W/m2.K  sur  la  pa- 
roi  mitoyenne,  les  autres  parois  6tant  supposCes 
adiabatiques. 

Les  resultats  en  temperauire  de  peau  du 
volume  6meueur  momreni  que  la  temperature 
moyenne  au  centre  dc  la  paroi  separauice  est  dc 
2500  K  (annexe  A-7). 

-  ESTET  :  code  de  m6canique  dcs  fluidcs  tridi- 
mensionnel  aux  Differences  Finies  et  aux  Vo¬ 
lumes  Finis  pour  la  modelisation  des  transferts 
thermiques  et  la  misc  en  mouvement  du  fluide 
par  convection  naturelle  dans  les  "volumes  reccp- 
tcurs". 

Les  conditions  initiates  du  calcul  (consecu- 
tif  au  precedent )  sont  idenliques.  Le  fluide  est 
suppose  incompressible,  dilatable  el  turbulent.  La 
paroi  oppose  &  la  paroi  mitoyenne  (supposee  a 
1500  K)  est  &  290  K  ct  les  autres  sont  adiabati- 
ques. 

On  presente  les  resultats  en  temperature  el 
en  vitessc  au  bout  de  10  s  de  simulation.  La  tem¬ 
perature  sur  la  paroi  superieure  du  volume  recep- 
leur  est  dc  470  K  (l’cxperience  donne  420  K). 

Le  champ  dcs  vilesscs  met  en  evidence  les  plteno- 
ntencs  de  convection  (annexe  A-8). 

D’autres  codes  monodimcnsionncls  devcloppes  au 
G.E.R.Py  sont  utilises  pour  les  previsions  et  les  etudes  pa- 
rametriques  : 


-  MEGALO  :  code  de  ntecanique  dcs  fluidcs 
pour  le  calcul  dcs  valeurs  moyennes  (pression, 
temperature,  vitesse)  dans  un  volume  eorrespon- 
dant  a  une  soute  ou  a  lout  ou  panic  d'un  plenum. 


Le  code  a  ete  valide  par  comparaison  avec  des  essais 
a  echcllc  reduite  (1/7)  et  un  essai  en  grandeur  reelle.  Les 


surprcssions  calcul&s  ont  616  correctement  confirmees  par 
les  mesures. 

DIMENSIONNEMENT  D’UN  PLENUM 

Roquet*  dibit  5  kg/t  peoduc  0  3  a 
Some  de  33  m  * 


nombi* 

Pratwon  Ab*o*u* 

Pra»**on  Atooiue 

iw 

d* 

ter 

( Soule  Otwerte  ) 

roqoatt#* 

(  Soul*  F«ml>  ) 

0.25  m  * 

0.81  m  1 

1 

22 

3 

4.5 

6 

6.2 

15 

9.2 

i 

1 

1.46 

. 

140 

6 

3.35 

1.40 

15 

4.13 

210 

Les  rdsuliais  d’une  etude  de  dimensionnement  d’un 
plenum  pr6scnt6s  dans  le  tableau  suivant : 


CONCLUSIONS 

Les  travaux  conduits  par  le  G.E.R.Py  sur  les  plans 
experimental  et  thdonque  permettent  d’ores  et  ddja  d’ 6 va¬ 
luer  les  consequences  d’une  agression  thermiquc  a  bord 
d'un  navire.  Toutefois  la  difficulte  reside  dans  la  multipli- 
cite  dcs  scenarios  d’accident  possibles.  Un  effort  de  re¬ 
flexion  est  &  mener  sur  ce  theme  pour  mieux  adapter  les 
outils  de  prevision. 

On  cherche  aussi  a  mieux  decrire  la  r6ponse  de  la 
munition  en  affinant  la  description  des  phenombnes  physi¬ 
ques  qui  se  produisent  entre  l’instant  ou  la  matiere  active 
est  initiee  et  1’ouverture  de  1’enveloppe. 

Enfin,  il  ne  faut  pas  oublier  les  actions  men6es  dans 
le  cadre  de  la  lutte  contre  les  foyers  d’incendie  (par  exem- 
ple  arrosage)  qui  doivent  etre  prises  en  comptc  dans  les 
modeies. 


-  FLAM2  :  code  aux  Differences  Finies  pour  le 
calcul  des  transfcrts  thermiques  par  conduction  a 
travers  differentcs  couches  de  materiaux  en  te¬ 
nant  compte  des  reactions  internes  el  des  change- 
ments  de  phases. 


Le  rccalagc  du  programme  a  d’abord  cic  cffectue 
avcc  unc  munition  (bombc)  chargee  en  cxplosif  "couie- 
fondu”  puis  en  cxplosif  "composite"  (octorane  et  hexabu). 
Les  re.sultats  soni  consigne.s  dans  le  tableau  suivant : 


d'acptoiton  b*  r py otocriniqu*  t  a) 
Foym  1  5  m  ’  1  5  to  • 


H««ebo 

— 

T  alto 

C*olM 

K 

mso 

154 

1*9 

140 

>075 

197 

246 

178 

975 

200 

374 

260 

Dim 

200 

360 

V c 
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Numerical  Modeling  of  the  Shock  Initiation  of  High  Explosives 
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1.  SUMMARY 

In  the  present  work  results  are  presented  from  two  dimen¬ 
sional  computations  simulating  impacts  of  various  configu¬ 
rations  of  projectile  against  bare  and  covered  high  explo¬ 
sives.  Under  certain  conditions  the  build-up  of  the  detona¬ 
tion  were  obtained  and  sometimes  the  threshold  conditions 
for  the  shock  initiation  were  determined. 

These  calculations  were  performed  using  the  nonlinear 
explicit  finite -difference  computer  code  PISCES  2D,  in 
which  the  Forest-Fire  bum  rate  model  and  the  HOM  equa¬ 
tion  of  state  were  implemented  by  means  of  external  user 
subroutines. 

The  following  problems  were  analysed: 

APDS  projectile  impacting  a  warhead; 

shaped  charge  jet  particles  impacting  an  explosive 

reactive  armour  (ERA); 

fiat-nosed  projectiles  impacting  a  bare  explosive; 
fiat-nosed  projectiles  impacting  a  covered  explosive ; 
round-nosed  projectiles  impacting  a  bare  explosive. 

In  partic'ilar,  in  the  case  of  the  three  last  problems,  the  thre¬ 
sholds  detonation  -  non  detonation ",  in  plots  of  impact  velo¬ 
city  versus  projectile  diameter,  were  numerically  determined 
and  directly  compared  with  the  experimental  ones  available 
in  literature. 


2.  INTRODUCTION 

Many  situations  exist  were  it  is  not  certain  whether  and  how 
a  detonation  builds  up:  warheads  impacted  by  fragments  or 
APDS  (Armour  Piercing  Discarding  Sabot)  projectiles; 
reactive  armours  impacted  by  shaped  charge  jets  or  kinetic 
energy  penetrators  or  EFPs  (Explosively  Formed  Projectil¬ 
es);  problems  of  sympathetic  detonations  in  the  handling  and 
storage  of  explosive  materials;  and  generally  all  the  pheno¬ 
mena  where  shock  to  detonation  transitions  in  high  explo¬ 
sives  are  possible. 

It  is  therefore  extremely  important  for  the  designer  to  avail 
of  numerical  tools  capable  of  predicting  the  initiation  of 
shocked  high  explosives.  All  over  the  world  wide  efforts 
have  been  performed  in  order  to  develop  reliable  numerical 
models  which,  in  spite  of  the  high  computing  costs,  permit 
more  flexibility  of  use  than  the  semiempirical  models. 

The  mechanism  of  shock  initiation  in  high  explosives  is  de¬ 
scribed  as  local  decomposition  at  hot  spots  that  are  formed 
by  shock  interactions  with  density  discontinuities.  The  libe¬ 
rated  energy  strengthens  the  shock  so  that  as  it  interacts  with 


additional  inhomogeneities,  hotter  hot  spots  are  formed  and 
more  of  the  explosive  is  decomposed.  The  shock  wave 
grows  stronger  until  a  detonation  begins.  This  mechanism  of 
initiation  can  be  numerically  described  by  means  of  the  Fo¬ 
rest-Fire  bum  model,  which  gives  the  rate  of  explosive  de¬ 
composition  as  a  function  of  the  local  pressure. 

When  a  projectile  strikes  a  high  explosive,  the  propagating 
shock  wave  may  decay  and  die,  failing  to  initiate  a  detona¬ 
tion,  or  it  may  be  amplified  and  initiate  a  detonation  in  the 
explosive.  In  the  present  work  some  results  are  presented 
from  two  dimensional  computations  simulating  the  impact  of 
projectiles  against  explosives  and  the  following  build-up  or 
failure  of  a  detonation.  Such  calculations  were  performed 
with  the  multi-purpose  nonlinear  explicit  finite-difference 
computer  code  PISCES  2D,  in  which  the  Forest-Fire  bum 
logic  and  the  HOM  equation  of  state  were  implemented  by 
means  of  external  user  subroutines. 

Various  configurations  of  the  explosive  as  well  a  wide  range 
of  diameters  and  impact  velocities  of  the  projectile  were 
considered: 

APDS  projectile  impacting  a  warhead; 

shaped  charge  jet  particles  impacting  an  explosive 

reactive  armour, 

flat-nosed  projectiles  impacting  a  bare  explosive; 
flat-nosed  projectiles  impacting  a  covered  explosive; 
round-nosed  projectiles  impacting  a  bare  explosive. 

3.  MATERIAL  MODELS. 

3.1  Equation  of  State  for  Inert  Materials. 

The  equation  of  state  used  to  describe  the  inert  materials  was 
the  Mie-Grueneisen  equation.  This  equation  was  derived  by 
assuming  that  T  (gamma)  is  a  function  of  the  volume  only 
and  provides  a  means  for  extending  the  information  of  a 
known  P-V  relation  (such  as  the  Hugoniot)  to  other  values  of 
internal  energy.  For  the  Hugoniot  reference  equation  we 
used  a  linear  relationship  between  the  shock  velocity  (Us) 
and  the  particle  velocity  (Up): 

U,  =  C0  +  C,*UP 

where  C„  is  the  bulk  sound  speed,  and  C/  is  the  shock-parti¬ 
cle  velocity  slope,  which  is  assumed  constant. 

Detailed  data  for  this  equation  of  state  may  be  found  in  Ref. 
1.  The  coefficients  used  in  our  calculations  are  given  in  Ta¬ 
ble  1. 


TABLE  1 

Shock  Parameters,  Grueneisen  Coefficients  and 
Reference  Densities  for  Inert  Materials  Used  in 
the  Calculations. 


C0 

Cl 

r 

Po 

(ms) 

- 

Copper 

3920 

1.488 

1.96 

8960 

Steel 

4580 

1.490 

1.67 

7830 

Tantalum 

3414 

1.201 

1.40 

16690 

Tungsten 

4040 

1.230 

1.54 

19170 

3.2  Constitutive  Model  for  Inert  Materials. 

The  Johnson-Cook  constitutive  model,  which  is  suitable  for 
metals  subjected  to  large  strains,  high  strain  rates  and  high 
temperatures,  was  used  in  our  calculations  for  copper,  steel 
and  tungsten.  For  the  evaluation  of  the  yield  strength  this 
model  takes  into  account  the  strain  hardening,  the  strain  rate 
hardening  and  the  thermal  softening  at  increasing  plastic 
strain,  strain  rate  and  temperature. 

The  relationship  for  the  von  Mises  flow  stress,  Y,  is: 

Y  =  (A  +  B  £•)  (1  +  C  logs*)  (1  -  T*~) 

where  e  is  the  plastic  strain,  e*  =  i/£0  is  the  dimensionless 
plastic  strain  rate  (£0  =  reference  strain  rate),  and  T*  is  the 
homologous  temperature 

T*  =  (T -  T room )  !  (T melt- T room ) 

.4,  A,  n.  C  and  m  are  material  constants. 

Detailed  information  and  data  for  this  constitutive  model 
may  be  found  tn  Ref.  2.  In  Table  2  the  coefficients  used  in 
our  calculations  are  reported. 

TABLE  2 

Johnson-Cook  Constitutive  Constants. 


A 

(MPa) 

B 

(MPa) 

n 

c 

m 

Copper 

90 

292 

0.31 

0.025 

1.09 

Steel 

792 

510 

0.26 

0.014 

1.03 

Tungsten 

1506 

177 

0.12 

0.016 

1.00 

For  tantalum,  the  constitutive  model  proposed  by  Steinberg, 
Cochran  and  Guinan  was  adopted.  Also  this  model  is  appli¬ 
cable  at  high  rates  of  strain.  In  this  model  the  relation  valid 
for  the  von  Mises  yield  strength  is: 

Y  =  Y0  [l  +  p  e/"  [I  +  C;  P/ji'tf  +  C2  (T-Troom)l 
subject  to  the  limitation  that: 

To  [I  +  $£jn<,  Y meg 

where  P  is  pressure,  p  is  compression  (defined  as  the  initial 
specific  volume  divided  by  the  specific  volume)  and  Y0,  (3,  n. 
Ci  and  C2  are  constants. 


Detailed  information  and  data  for  this  constitutive  model 
may  be  found  in  Ref.  3.  In  Table  3  the  coefficients  used  in 
our  calculations  are  reported. 


TABLE  3 

Steinberg  -  Cochran  -  Guinan  Constitutive  Constants. 


Yo 

Ymax 

p 

n  Ct 

c2 

(MPa) 

(MPa) 

(TPa-‘) 

(KK-M 

Tantalum  770 

1100 

10 

0.1  14.5 

-0.13 

3  J  Equation  of  State  for  Explosives. 

In  our  calculations  the  HOM  equation  of  state  was  used. 
Such  equation  of  state  gives  pressure  as  a  function  of  speci¬ 
fic  volume,  specific  internal  energy  and  mass  fraction  of  the 
solid  for  solids,  gases  and  mixtures. 

Condensed  Components 

Tne  equation  of  state  for  solids  is  expanded  off  the  Hu- 
goniot  with  the  Grueneisen  construction.  The  experi¬ 
mental  Hugoniot  data  are  expressed  as  linear  fits  of  the 
shock  and  particle  velocities.  The  Hugoniot  tempera¬ 
tures  are  computed  using  the  Walsh  and  Christian 
technique  (Ref.  4)  and  fitted  to  a  fourth-degree  poly- 
nominal  in  logarithm  of  the  volume. 

Gas  Components 

The  equation  for  gases  is  expanded  off  the  BKW 
(Becker-Kistiakowsky-Wilson)  detonation  product 
isentrope  fined  by  a  method  of  least  squares  to  fourth- 
degree  polynomials  in  logarithm  of  the  variables. 

Mixtures 

The  mixtures  of  condensed  and  gaseous  products  are 
solved  assuming  an  ideal  mixing  (i.e.  pressure  and 
temperature  equilibrium)  of  specific  volumes  of  so¬ 
lids  and  gas,  and  energy  partitioning  according  to  mass 
fraction. 

Detailed  data  for  this  equation  of  state  may  be  found  in 
Ref.  5.  In  Table  4  the  coefficients  used  in  our  calcula¬ 
tions  are  given. 


3.4  Bum  Rate  Model. 

The  Forest  Fire  bum  rate  model  was  used  in  our  calcula¬ 
tions.  This  model  permits  the  calculation  of  the  burning  re¬ 
sulting  from  the  shock  initiation  of  high  explosives.  It  was 
developed  for  describing  the  decomposition  rates  as  a  func¬ 
tion  of  the  experimentally  measured  distance  of  "run  to  de¬ 
tonation"  versus  shock  pressure  (the  Pop  plot,  named  after 
its  originator  A.  Popolato)  and  the  reactive  and  non-reactive 
Hugoniot.  in  the  Forest  Fire  model  the  burnt  fraction,  F, 
evolves  in  time  according  to  the  following  pressure  depen¬ 
dent  equation: 

dFldt  =  (l  -F)exp(X  ,  +  X2P  +  X3P2+....+XnP”-’) 

Detailed  information  for  this  burning  technique  may  be 
found  in  Ref.  5.  In  our  calculation  we  used  14  terms  in  the 
polynomial  expansion  and  in  Table  5  the  coefficients  used  in 
our  calculations  are  reported. 


TABLE  4 

HOM  Equation  of  State  Input  Parameters,  Units  (cm,  gr,  ns) 


Explosive:  Comp.  B 


HOM  FOR  CONDENSED  COMPONENT 


c 

-  0.231 

s 

-  1.83 

Fs 

-  -8.86751 

Gs 

-  -79.73575 

Hs 

- -159.42898 

Is 

- -135.41 104 

Js 

- -39.12747 

GAMMAS 

-  1.5 

Cv  (cal/g/K) 

-  0.259 

Vos 

-  0.583090 

C  reactive 

-0.231 

S  reactive 

-2.50 

HOM  FOR  GAS  COMPONENT 


A 

=  -3.525849 

B 

-  -2.334292 

C 

-  -0.597267 

D 

-0.00304510 

E 

-  -0.175226 

K 

- -1.560877 

L 

-0.533121 

M 

-  0.080631 1 

N 

-0.00333817 

O 

-  -0.000684400 

Q 

-  7.502781 

R 

- -0.441209 

S 

-0.151293 

T 

-  0.0677883 

U 

-  -0.0242403 

z 

*  0.1 

Cv’  (cal/g/K) 

-0.5 

Explosive:  PBX9404 


HOM  FOR  CONDENSED  COMPONENT 


C 

-  0.2423 

S 

-  1.883 

Fs 

- -9,04187 

Gs 

- -71.31853 

Hs 

- -125.20498 

Is 

-  -92.04242 

Js 

- -22.18938 

GAMMAs 

-  0.675 

Cv  (cal/g/K) 

—  0.4 

Vos 

-  0.542299 

C  reactive 

-0.246 

S  reactive 

-2.53 

HOM  FOR  GAS  COMPONENT 


A 

-  -3.5390626 

B 

-  -2.5773759 

C 

-  0.2600754 

D 

-0.01390836 

E 

- -0.01 139630 

K 

- -1.6191304 

L 

-0.5215185 

M 

-  0.06775066 

N 

-  0.004265243 

O 

-0.0001046800 

Q 

-7.3642292 

R 

-  -0.4936582 

S 

-  0.02923531 

T 

-  0.03302774 

U 

-  -0.01145325 

z 

-0.1 

Cv'  (cal/g/K) 

-0.5 

TABLES 

Forest  Fire  Input  Parameters,  Units  (cm,  gr,  psj 


EXPLOSIVE:  COMP.  B 


Pminimum 

-0.02 

PC] 

-0.284 

NTERMS 

-  14 

XI 

--1.035458E1 

X2 

-  +4.734274E2 

X3 

-  -1 .675370E4 

X4 

-  +4.475675E5 

X5 

-  -8.493 147E6 

X6 

-  +1.155593E8 

X7 

--1.140257E9 

X8 

- +8.20659 1E9 

X9 

-  -4.298663E10 

X10 

-+1.618379E11 

XII 

= -4.260582E1 1 

X12 

-  +7.437677F1 

X13 

-  -7.728985E1 1 

X14 

-  +3.616778E11 

EXPLOSIVE:  PBX-9404 


Pminimum 

-0.015 

Pcj 

-0.363 

NTERMS 

-  14 

XI 

- -8.39791 33E0 

X2 

-  +4. 0524452E2 

X3 

--1.2887960E4 

X4 

-  +2.9889932E5 

X5 

-  -4.7962437E6 

X6 

- +5.401 7707E7 

X7 

-  -4.3377143E8 

X8 

-  +2.5068548E9 

X9 

--1.0433259E10 

X10 

-  +3.0950370E10 

XII 

- -6.3781 135E 10 

X12 

-  +8.6704208E10 

XI 3 

- -6.9876089E10 

X14 

-  +2.5277954E10 

4.  APDS  PROJECTILE  IMPACTING  A  WARHEAD. 
In  this  section  results  are  presented  of  a  tungsten  APDS 
projectile  impacting  a  heavily  confined  high  explosive  si¬ 
mulating  a  warhead.  The  projectile  is  a  tungsten  20-mm 
diameter  80-mm  long  penetrator  which  impacts  at  a  velocity 
of  1700  m/s  against  PBX-9404  explosive  with  a  20-mm- 
thick  steel  cover.  The  initial  geometry  is  shown  in  Fig.  1. 


Due  to  the  non-negligible  material  distortion  which  is 
expected  for  the  target  as  well  as  for  the  projectile,  the  si¬ 
mulation  was  performed  using  only  an  Eulenan  mesh.  A  uni¬ 
form  grid  size  of  2  mm  was  employed  and  proper  boundary 
conditions  (free  flow  directives)  were  also  imposed  in  order 
to  simulate  a  semi-infinite  target  in  the  direction  of  the  axis 
of  symmetry  and  an  infinite  target  in  the  perpendicular  direc¬ 
tion. 
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Figure  1  Sketch  of  APDS  Projectile  Impacting  a 
Warhead. 


In  Fig.  2  three  contour  plots  of  density  are  reported  which 
show  three  different  steps  of  the  penetration  process.  At  t  = 
10  ps  the  projectile  is  still  penetrating  the  confinement;  at  I  = 
30  ps  the  penetrator  has  completely  perforated  the  steel  co¬ 
ver  and  started  the  penetration  of  the  high  explosive;  at  t  = 
50  ps  about  40  mm  of  the  explosive  has  ben  penetrated  and 
the  rest  of  the  explosive  is  already  detonated,  at  this  time  the 
simulation  was  stopped. 

In  two  points  inside  the  high  explosive  the  pressure  was  re¬ 
corded  during  the  simulation.  These  points  were  located  at 
distances  of  20  mm  and  40  mm  from  the  axis  of  symmetry, 
and  at  a  distance  of  45  mm  from  the  steel/explosive  inter¬ 
face.  The  resulting  pressure  time  histories,  in  which  are  evi¬ 
dent  the  sharp  peaks  of  the  detonation  front,  are  shown  in 
Fig.  3. 

In  Fig.  4  a  contour  plot  of  pressure  at  t  =  45  ps  is  report-  d. 
Also  in  this  figure  the  initiation  of  the  PBX-9404  and  the 
presence  of  a  detonation  wave  are  evident. 
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Figure  2-  APDS  against  Warhead,  Contour  Plots  of 
Density  at  10\is,  30  \is  and  50  \is. 


Figure  3  -  APDS  against  Warhead,  Time  Histories  of 
Pressure  (0. 1  Mbar  -  10  GPa). 

Position  of  Points  A  and  B  Is  Indicated  in  Fig.  1. 


Figure  4  -  APDS  against  Warhead,  Contour  Plot  of 
Pressure  at  45  ns. 

Isobar  Interval  is  2  GPa,  First  Level  is  1 0  GPa. 


5.  SHAPED  CHARGE  JET  PARTICLE  IMPACTING 
A  REACTIVE  ARMOUR. 

In  this  section  results  are  presented  of  shaped  charge  jet 
particles  impacting  an  explosive  reactive  armour.  In  parti¬ 
cular  we  have  considered  two  possible  jet  particles  which 
may  be  produced  by  the  precursor  charge  of  a  tandem  shap¬ 
ed  charge  warhead: 

a.  copper  particle,  diameter  =  1.2  mm,  length  =  10  mm, 
velocity  =  7000  m/s; 

b.  copper  panicle,  diameter  -  0.8  mm,  length  =  10  mm, 
velocity  =  5000  m/s. 

Both  particles  impact  an  ERA  5/5/5:  5  mm-thick  Compound 
B  explosive  sandwiched  between  two  5  mm-thick  steel  plat¬ 
es.  In  Fig.  5  the  initial  geometry  is  reported 


Figure  5  -  Sketch  of  Copper  Jet  Particle  ft  -  1.2  mm,  v 
-  7000  m/s;  4  -  0.8  mm,  v  -  5000  m/s )  Impacting  a 
ERA  (Sandwich  5/5/5  Steel,  Comp.  B,  Steel). 


Also  in  this  case  the  calculations  were  performed  by  means 
of  a  full  Eulerian  logics  in  order  to  prevent  any  problem  aris¬ 
ing  from  the  distortion  of  the  target  material  and  the  erosion 
of  the  penetrating  jet  particle.  We  used  a  uniform  cell  size  of 
0.2  mm  leas  ing  a  certain  amount  of  free  space  in  front  of 
ERA  as  well  as  in  the  rear  side.  At  a  distance  of  10  mm  per¬ 
pendicular  to  the  symmetry  axis  free  flow  boundary  condi¬ 
tions  (simulating  infinite  plates)  were  imposed. 

a.  1 .2  mm  jet  panicle  at  7000  mis 

In  Fig.  6  three  different  stages  of  the  penetration  pro¬ 
cess  are  shown  by  means  of  contour  plots  of  density. 
The  first  plot  corresponds  at  t  =  0.5  ps;  the  jet  particle 
is  penetrating  the  first  metal  plate.  The  second  plot  cor¬ 
responds  at  t  =  2.5  ps;  the  jet  particle  has  penetrated 
most  of  the  explosive  and  a  detonation  wave  is  present 
in  it.  In  the  third  plot,  which  corresponds  at  t  =  4  ps, 
the  penetration  process  is  terminated  and  all  the  explo¬ 
sive  is  detonated. 


Figures  -  Copper  Jet  Particle  (<t>  *  1.2  mm,  v  -  7000 
m/s)  against  ERA,  Contour  Plots  of  Density  at  0.5  ps 
2.5  ps  and  4.0  ps. 


Two  contour  plots  of  pressure  at  t  =  2.0  ps  and  t  =  2.5 
ps  are  reported  in  Fig.  7.  At  t  =  2  ps  a  detonation  phe¬ 
nomena  is  clearly  starting  inside  the  explosive,  the 
maximum  pressure  is  not  uniform  in  the  detonation 
front,  varying  from  about  20  GPa  in  the  rear  part  (left) 
to  30  GPa  in  the  front  part  (right).  At  t  =  2.5  ps,  in¬ 
stead,  the  detonation  wave  has  already  reached  a  sta¬ 
tionary  state  with  a  uniform  peak  pressure. 


Figure  7  -  Copper  Jet  Particle  (<j>  =  1.2  mm,  v  =  7000 
m/s)  against  ERA,  Contour  Plots  of  Pressure  at  2.0  ps 
and  2.5  ps.  Isobar  Interval  2  GPa,  First  Level  10  GPa. 


Time  histories  of  pressure  were  also  recorded  in  three 
different  points  inside  the  explosive.  The  three  points 
were  located  in  the  middle  of  the  explosive  at  the  fol¬ 
lowing  distances  from  the  axis  of  symmetry:  24  mm, 
48  mm  and  72  mm.  The  three  time  histories  are  repor¬ 
ted  in  Fig.  8.  In  all  die  three  plots  a  sharp  peak  is 
clearly  present,  typical  of  adetonation  process,  but  in 
the  first  two  points  it  is  also  evident  the  presence  of  a 
precursor  shock  which  disappears  in  the  third  point  In 
order  to  better  understand  this,  in  Fig.  9  three  other 
contour  plots  of  pressure  are  shown  in  which  only 
"low"  pressure  contour  levels  are  reported.  In  the  first 
plot  t  =  1.5  ps,  it  is  evident  a  spread  shock  wave  pro¬ 
pagating  in  the  explosive.  In  the  second  plot  t  =  2.0  ps, 
a  detonation  is  started,  but  in  the  left  side  of  the  explo¬ 
sive  a  pressure  ranging  between  1  and  3  GPa  is  always 
present  before  the  sharp  peak.  In  the  third  plot  t  =  2.5 
ps,  only  a  "normal"  detonation  wave  is  present:  the 
pressure  levels  in  the  shock  front  are  very  near  to  each 
other,  showing  a  very  high  pressure  gradient. 


Figure  8-  Copper  Jet  Particle  ($  =  1.2  mm,  v  =  7000 
m/s)  against  ERA,  Time  Histories  of  Pressure  (0.1 
Mbar.  10  GPa). 

Position  of  Points  A,  B  and  C  Is  Indicated  in  Fig.  5. 


b.  0 .8  mm  jet  particle  at  5000  ml s 

In  Fig.  10  three  pressure  time  histories  are  shown.  The 
three  points  were  located  in  the  middle  of  the  explo¬ 
sive,  in  the  same  positions  as  the  previously  mentioned 
points  (distances  from  the  axis  of  symmetry:  24  mm, 
48  mm  and  72  mm).  It  is  clear  from  this  figure  that  in 
this  case  no  detonation  phenomena  start  as  a  conse¬ 
quence  of  the  penetration  by  the  jet  particle. 

A  contour  plot  of  density  at  t  =  3.25  ps,  approximately 
corresponding  to  t  =  2.5  ps  of  the  previous  case,  is 
shown  in  Fig.  1 1.  In  Fig.  12  a  contour  plot  of  pressure 
is  reported  at  the  same  time.  It  is  also  evident  in  this  fi¬ 
gure  that  no  detonation  front  is  present  in  the  explo¬ 
sive. 


Figure  9  -  Copper  Jet  Particle  (0  =  1.2  mm.  v  =  7000 
m/s)  against  ERA,  Contour  Plots  of  Pressure  at  1.5  ps, 
2. 0  ps  and  2.5  ps. 

Isobar  Interval  1  GPa,  First  Level  1  GPa. 


Figure  10  -  Copper  Jet  Particle  fa  =0.8  mm,  v  =  5000 
m/s)  against  ERA,  Time  Histories  of  Pressure  (0.01 
Mbar  =  1  GPa). 

Position  of  Points  A,  B  and  C  Is  Indicated  in  Fig.  5. 


Figure  1 1  -  Copper  Jet  Particle  fa  =0.8  mm,  v  =  5000 
m/s)  against  ERA.  Contour  Plots  of  Density  at  3.25  ns. 


Figure  12  -  Copper  Jet  Particle  fa  =0.8  mm,  v  =  5000 
nVs)  against  ERA,  Contour  Plots  of  Pressure  at  3.25 
ns.  Isobar  Interval  1  GPa,  First  Level  1  GPa. 


6.  FLAT  AND  ROUND-NOSED  PROJECTILES 
AGAINST  BARE  AND  COVERED  EXPLOSIVES. 

In  this  section  results  are  reported  of  computations  of  small 
flat-nosed  and  round-nosed  steel  projectiles  impacting  bare 
and  covered  PBX-9404  explosive,  in  this  case  the  obtained 
results  can  be  directly  compared  with  the  measured  shock 
initiation  thresholds  reported  in  Ref.  6. 

The  three  different  configurations  considered  are: 

a.  flat-nosed  steel  projectile  against  bare  PBX-9404; 
impact  velocity  range  250-1750  m/s,  projectile  diame¬ 
ter  range  1.5-20  mm; 

b.  flat-nosed  steel  projectile  against  covered  PBX-9404: 6 
mm  tantalum  cover,  impact  velocity  range  500-2000 
m/s,  projernle  diameter  range  5-20  mm; 

c.  round-nosed  steel  projectile  against  bare  PBX-9404: 
impact  velocity  range  1000-2500  m/s,  projectile  dia¬ 
meter  range  5-15  mm. 

In  all  the  three  alternatives  the  projectile  was  simulated  by 
means  of  the  Lagrangian  processor  of  the  PISCES  code, 
while  for  the  target,  explosive  and  cover,  an  Eulerian  grid 
with  a  0.5  mm  uniform  mesh  size  was  used.  The  interaction 
between  the  Lagrangian  grid  and  the  Eulerian  grid  was  pos¬ 
sible  by  means  of  the  standard  polygon  interactive  logic  of 
the  PISCES  code.  This  hybrid  logics  was  usefully  employed 
in  conseguence  of  the  sufficiently  small  distortion  suffered 
by  the  projectile  Lagrangian  mesh. 

The  calculations  were  performed  using  high  explosive  tar¬ 
gets  with  diameters  of  25  mm,  in  Fig.  13  the  initial  geome¬ 
tries  of  the  three  configurations  are  shown.  In  ref.  6  it  is  re¬ 
ported  that  diameters  of  25.4  mm  were  used  in  the  experi¬ 
ments.  In  the  same  work  the  authors  state  that  such  explosive 
diameters  can  be  usefully  employed  for  projectile  diameters 
up  to  20.3  mm  without  having  the  initiation  processs  disturb¬ 
ed  by  target  side  rarefactions.  During  the  progress  of  this 


Figure  13  -  Sketch  of: 

A)  Flat-Nosed  Steel  Projectile  Against  Bare  PBX-9404: 

B)  Flat-Nosed  Steel  Projectile  against  Covered  PBX- 
9404  (6  mm-thick  Tantalum); 

C)  Round-Nosed  Steel  Projectile  against  Bare  PBX- 
9404. 


work  a  check  was  done  for  a  18-mm  diameter  projectile 
impacting  at  700  m/s  the  covered  explosive  configuration, 
simulating  also  a  target  with  infinite  lateral  dimensions.  In 
both  cases,  finite  and  infinite  lateral  dimensions,  we  had  the 
initiation  of  a  detonation  and  no  important  differences  were 
detected  in  the  pressure  time  histories  of  three  points  located 
on  the  symmetry  axis  of  the  explosive. 

a.  Flat-Nosed  Projectile! Bare  Explosive. 

In  Fig.  14  the  computed  as  well  as  the  measured  deto¬ 
nation  threshold  curves  are  shown  in  a  plot  of  impact 
velocity  versus  projectile  diameter.  In  the  same  figure 
the  limit  points,  calculated  and  measured,  for  detona¬ 
tion  and  non-detonation  are  also  explicitely  reported. 
Taking  into  account  that  the  numerical  data  are  the  re¬ 
sults  of  a  completely  a-priori  theoretical  prediction  (no 
numerical  test  was  performed  to  obtain  better  agree¬ 
ment  changing  the  input  material  parameters  or 
optimizing  the  numerical  variables:  grid  size,  impact 
logics,  etc.)  the  agreement  with  the  experimental  data 
is  quite  satisfactory. 


PROJECTILE  DIAMETER  <mm| 


Figure  14  -  Flat-Nosed  Steel  Projectile/Bare  PBX- 
9404.  Comparison  between  Numerically  Predicted  and 
Experimental  Detonation  Threshold  Curve. 


h  Flat-Nosed  Projectile/Covered  Explosive. 

In  Fig.  15  the  computed  and  measured  detonation  thre¬ 
shold  curves  are  shown  m  a  piot  of  impact  velocity 
versus  projectile  diameter.  As  before  in  the  same  figure 
the  limit  points  for  detonation  and  non-detonation  are 
explicitely  reported.  Also  in  this  case,  considering  that 
the  numerical  data  are  the  results  of  a  completely  a- 
priori  theoretical  prediction,  the  agreement  with  the 
experimental  data  is  quite  good. 

c.  Pound-Nosed  Projectile! Bare  Explosive. 

In  Fig.  16,  as  in  the  two  previous  ones,  the  computed 
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Figure  15  -  Flat-Nosed  Steel  Projectile/6  mm-Ta- 
Covered  PBX-9404,  Comparison  between  Numerically 
Predicted  and  Experimental  Detonation  Threshold 
Curve. 


PRCUECTH.E  DIAMETER  Imm) 


Figure  16-  Round- Nosed  Steel  Projectiie/Dcre  PBX- 
9404,  Comparison  Between  Numerically  Predicted  and 
Experimental  Detonation  Threshold  Curve. 

and  measured  detonation  threshold  curves  as  well  as 
the  limit  points  for  detonation  and  non-detonation  are 
shown  in  a  plot  of  impact  velocity  versus  projectile 
diameter.  Also  in  this  last  configuration  the  agreement 
with  experiments  is  not  bad. 


All  the  numerical  simulations  show  exactly  the  same  trend 
of  the  experimental  data,  in  particular  it  is  confirmed  that  the 
shape  of  the  nose  of  the  projectile  has  a  high  influence  on  the 
detonation  threshold  of  an  explosive. 

We  can  also  notice  that  the  level  of  agreement  obtained  dur¬ 
ing  this  work  is  not  less  than  the  one  obtained  at  the 
Lawrence  Livermore  National  Laboratory  using  an  Eulerian 
code  (called  FLO)  which  employ  the  "nucleation  and 
growth"  rate  model.  Ref.  6. 


7.  CONCLUSIONS. 

In  the  present  work  many  results  are  presented  from  numeri¬ 
cal  simulations  of  impacts  of  various  projectile  configura¬ 
tions  agamst  covered  and  bare  high  explosives.  It  is  shown 
that  adding,  actually  by  means  of  external  user  subroutines, 
to  the  two  dimensional  finite  differences  coupled  Lagran- 
gian-Eulerian  PISCES  code,  the  HOM  equation  of  state  with 
the  Forest  Fire  bum  rate  model,  it  is  possible  to  perform  a 
very  wide  range  of  useful  a-pnon  predictions  in  all  possible 
circumstances  where  the  problem  exists  to  determine 
whether  or  not  a  detonation  can  start.  .Also  if  the  agreement 
with  reality  may  not  be  actually  perfect,  in  each  case  the  re¬ 
sult  s  obtained  seems  valuable  and  quite  reliable. 
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Discussion 

COMMENT  BY  BOGGS.  US:  The  author  is  complimented  on  a  very  nice 
presentation  and  very  good  work.  Others  should  be  encouraged  to  do 
similar  work.  Somehow  we  must  be  able  to  compare  the  results  of 
the  various  analytical  models  run  on  common  problems.  I  would  hope 
that  the  NATO  Insensitive  Munitions  Information  Center  could  help 
facilitate  such  a  round  robin  program  of  calculations  on  common 
problems. 


ANCWJEBL  Thank  you. 


PHENOMENE  DE  DETONATION  PAR  INFLUENCE  : 
APPROCHE  NUMER1QVE  ET  EXPER1MENTALE 


B.  NOUGUEZ  -  M.  QUIDOT  -  P.  GIMENEZ  -  JC.  DERRIEN 

S.N.P.E. 

Division  Defense  Espace 
Centre  de  Recherches  du  Bouchet  -  BP  2 
9P 10  VERT-LE-PETIT 
FRANCE 


RESUME  : 

SNPF.  travaille  Jepuis  plusieurs  armies  au 
dtSveloppement  dexplosifs  peu  sensibles.  Un  des 
objectifs  est  de  difmontrer  la  faisabiliti:  de  munitions 
tonctionnellement  disenables  et  qui  r&ustent  k  la 
detonation  par  influence.  La  realisation  de  cet  objectif 
requiert  un  effort  multidisciplinaire: 

Developpement  dexplosifs  trfes  oeu  sensibles  et  de 
leurs  systemes  d'amorgage. 

Analyse  Ju  ph£nomene  de  detonation  par  influence 
et  mise  au  point  de  tests  significatifs  et  des 
methodes  predictive*  assocides. 

Verifications  en  vraie  grandeur  grace  4  des 
tnixleles  pn ’batoi.es  representatifs  de  munitions  de 
differcnts  calibres,  teste*  en  situation  "Donneur/ 
receveur"  ou  en  piles. 

Le  but  de  cet  article  est  de  ddcnre  Its  methodologies 
d'app'ocbes  expenmentales  et  numdriques. 

ABSTRACT  : 

SNPE  has  been  working  for  seve.al  years  to  develop 
insensitive  high  explosives.  An  SNPE  objective  is  to 
demons,  a  e  the  feasability  of  munitions  which  are 
tunctior.naly  detonabie  but  which  resist  the 
sympathetic  detonation.  The  achievement  of  this 
objective  requires  a  .  jltidisciphnary  effort  : 

Development  of  insensitive  high  explosives  along 
v/ith  their  boosters. 

Analysis  of  the  sympathetic  detonation  pheno¬ 
menon  and  development  of  meaningful  tests  and 
-associated  predi  ive  methods. 


Full  scale  assessments  based  on  probatory  models 
which  are  representative  of  various  munition  sizes 
and  types  and  are  tested  in  donor/acceptor  or  stack 
tests. 

The  aim  of  this  paper  is  to  describe  the  experimental 
and  numerical  methodologies. 

1  -  INTRODUCTION 

Selon  1'approche  de  SNPE  en  matifcre  de  munitions  a 
nsques  attdnuds  et  plus  spdcifiquement  pour  ce  qui 
conceme  les  explosifs,  trois  mveaux  croissants 
d' immunity  (7]  soDt  k  prendre  en  compte  : 

niveau  l  :  tenue  a  1'incendie 

niveau  2  :  niveau  1  plus  une  r&ictivitd  limittie 

aux  impacts  de  balles  et  fragments  legers 

niveau  3  :  niveau  2  et  pas  de  detonation  par 

influence. 


Un  des  objectifs  de  SNPE  dans  le  domaine  des 
explosifs  est  d'attemdre  le  niveau  3,  c'est  k  dire  de 
dUmontrer  la  faisabilild  de  munitions  fonctionnel- 
lement  ddtonables  mais  qui  ne  ddtonent  pas  par 
influence,  tout  en  conservant  une  rdactivitt:  limitife 
aux  sollicitations  plus  classiques  telles  que  le  feu  de 
kdroz^ne,  les  impacts  de  bal'-  s  ou  fragments,  voire  les 
stimuli  morns  conventionnels  comn  e  I'&hauffement 
trfes  lent  k  3.3°C/heure. 

1-a  realisation  de  cet  objectif  ambitieux,  et  plu 
particulikrement  la  resolution  du  problkme  que  pose  la 
detonation  par  influence,  requiert  une  approche 


multidiseiplinaire  : 

I  Je'veloppement  d'explosifs  peu  sensibles  et  aux 
performances  suffisantes, 

II  Jeveloppement  Jc  relais  d'amoryage  adaptgs  k 
ces  explosifs, 

III  analyse  du  pbgnomgne  de  detonation  par 
influence  et  mise  au  point  de  tests  significatifs  et 
de  mglhodes  prgdictives, 

IV  recherche  de  concepts  d'architectures  de 
munitions  permettant  I'emploi  de  matgriaux 
explosifs  classiques 

\'  verifications  expgrimentales  en  vraie  grandeur 
grace  k  des  maquettes  representatives  de  divers 
types  de  munitions  et  testges  en  configurations 
"  Jonneur/receveur"  ou  en  piles  significatives  des 
conditions  de  stockage, 

VI  optimisation  finale  (explosifs,  reiais,  architec¬ 
ture,  procgdgs  associge  a  une  munition  spgci- 
fique  en  fonction  des  performances  requises. 

Tous  ces  themes  sont  entrepns  simultangment  par 
SNPE,  avec  toutefois  une  approche  au  cas  par  cas 
pour  ce  qui  conceme  le  point  VI.  Le  propos  de  cet 
article  est  de  ddcnre  cette  approche  glohale  grace  k 
queiques  exemples  qui  reinvent  des  points  I,  III  et  V. 


2  DKVELOPPEMENT  D’EXPLOSIFS 
PEU  SENSIBLES 

SNPF.  apporte  sa  contribution  depuis  piusieurs  annges 
au  dgveloppement  d'explosifs  peu  sensibles  (1  k  8], 
la  plupart  de  nos  explosifs  composites  k  liants 
polyu-.gnsables  atteignent  dgjk  le  niveau  2  dimmunitg, 
mais  SNPE  porte  un  effort  particulier  sur  les 
compositions  k  base  d'Oxvmtrotriazole  (ONTA  ou 
NTO  pour  les  Anglo-saxons)  afin  d'atteindre  le  niveau 
3,  c'est  k  dire  le  niveau  ou  la  detonation  par  influence 
n  est  plus  k  craindre  |4,  5,  6,  8,  13,  14J. 

Pour  lllustrer  nos  progrgs,  nous  avons  sglectionng 
deux  exemples  de  compositions  k  I'ONTA, 
representatives  du  niveau  3  dimmunitg,  que  nous 
comparerons  k  une  composition  performante  plus 
classique  k  base  d'octogene  au  niveau  2,  et  k  une 
composition  k  usage  sous-mann  au  comportement 
atypique.  Ces  explosifs  sont  decnts  dans  le  tableau  I . 


Queiques  caractenstiques  d  performances  sont 
donnees  par  le  tableau  2  et  des  mesures  de  leurs 
sensibilitgs  aux  chocs  par  le  tableau  3. 

Plus  de  details  sur  les  compositions  ORA86  et  B  2214 
sont  disponibles  par  ailleurs  [8,  15],  en  particulier  sur 
leur  capacite  k  rdsister  aux  impacts  de  balles,  au  feu 
de  kgrozfene,  aux  impacts  d'edats  lourds  (M  =  250 
g),  voire  aujet  de  charge  creuse. 

B  2214  et  B  3017  sont  de  bons  candidats  au 
classement  en  tant  que  "MDEPS",  Matiere  Dgtonante 
Extren-etJk  et  Peu  Sensible  ("EIDS"  Extremely 
Insensitive  Detonating  Substance)  de  la  classification 
1 .6  gdictge  par  l'ONU  [  12], 


3  -  DETONATION  PAR  INFLUENCE. 

ANALYSE  ET  METHODES  PREDICTIVES 

Pour  ce  qui  conceme  les  explosifs  composites  k  liants 
polymgrisables  tels  qu'glaborgs  par  SNPE,  iI  semble 
que  la  cause  principale,  responsable  de  la  detonation 
par  influence  de  piles  de  munitions,  soit  1'  impact  de  la 
structure  ou  des  fragments  de  la  structure  de  la 
munition  "donneuse"  sur  ses  voisines. 

Les  autres  aspects  du  problbme  (chocs  agriens,  effets 
thermiques  divers)  ne  sont  k  considgre  ue  dans  des 
situations  particulikres  oil  des  focalisations  de  chocs 
aeriens  ou  des  concentrations  de  chaleur  sont  k 
redouter. 

Le  phgnomene  k  prendre  en  compte  semble  done  etre 
la  transition  choc/dgtonation  des  explosifs,  sains  ou 
endommaggs.  Les  tests  significatifs  utilises  pour  tester 
la  sensibilitg  aux  chocs  de  nos  compositions  sont  les 
suivants  : 

les  tests  d'lAD  (J40  ou  75mm, LSGT  ou  ELSGT  ) 
le  test  d'onde  de  choc  calibrge  [8] 
le  test  du  coin  ( 10] 

le  test  d’impact  d'gclat  lourd  proposg  par  le 
GERBAM  [8,15] 

Les  mg  th  odes  nunigriques  prgdictives  re  Ik  vent 

ggalement  de  la  transition  choc/dgtonation.  Deux 
mgthodes  principales  existent,  qui  ngeessitent  des 
caractgrisations  expgrimentales  prgalables  diffgrentes  : 
Dans  une  configuration  donnge,  les  pressions  des 


M- i 


chocs  qui  sc  propagent  dans  les  munitions 
sollicities  sont  ivaluies  numiriquement  k  I'aide  de 
logiciels  adaptis  (DYNA2D/3D  [11]  par 
exemple).  Leurs  amplitudes  sont  alors  directement 
companies  aux  pressions  seuils  issues  de 
1'italonnage  des  tests  d'lAD,  qui  ont  iti  calibris 
numiriquement  et  expirtmentalement  k  l'aide  de 
jauges  piizo-risistives.  La  figure  1  donne  ces 
courbes  d'italonnage.  Cette  method'  n'  assure  pas 
toujours  un  diagnostic  tris  fiable,  surtout  lorsque 
les  dimensions  des  munitions  sont  grandes  par 
rapport  aux  tests  d'lAD. 

La  2^me  mithode  requiert  une  caractirisation 
expirimentale  prialable  plus  complete  des 
explosifs  considiris  en  vue  d'itablir  les  modules 
riactifs  directement  utilisables  par  les  codes 
pricitis.  Le  diagnostic  est  alors  accessible 
directement.  Les  figures  2  et  3  montrent  l'usage 
que  Ton  peut  faire  de  tels  logiciels  dans  le  cas  de 
1' impact  de  fragment  lourd  ou  dans  une 
configuration  "donneur/receveur"  (15]. 


4  -  CONFIGURATIONS  EXPERIMENT  ALES 

SNPE  a  identify  plusieurs  concepts  d 'architectures  de 
munitions  susceptibles  de  ne  pas  ditoner  par 
influence.  Ces  concepts  dependent  de  la  mission,  de  la 
nature  et  de  la  taille  des  munitions  visies.  Le  concept 
le  plus  simple  eci,  bien  entendu,  d'utiliser  des 
explosifs  insensibles  assoc i is  k  un  systime  d'amor<;age 
qui  ne  digrade  pas  l'insensihiliti  de  I'ensemble. 

Dans  le  but  de  tester  ces  concepts  et  nos  maiinaux 
Cnergitiques  dans  des  tallies  riahstes,  nous  avons 
difini  des  maquettes  cylindnques,  reprisentatives  de 
munitions  gininques  (figures  4  et  5). 

Les  essais  de  ditonation  par  influence  sont  rialisis  en 
configuration  ■donneur/receveur",  dans  une  premiire 
etape  destmie  k  faire  un  premier  tn.  puis  en  piles  de 
neuf  maquettes  qui  contiennent  les  explosifs  riputis 
insensibles  assoc i is  k  leurs  systimes  fonctionnels 
d'amortjage  (figure  6). 

Les  tests  sont  instrumentis  avec  des  jauges  de 
suppression  airienne.  des  camiras  rapides  (500  k  30 
000  images  par  seconde)  situies  sous  diffirents  angles 
de  vue  incluant  une  tour  de  50m  de  hauteur,  et  des 
sondes  k  ionisation  ou  k  court-circuit  destinies  k 
quantifier  in  situ  la  synchronisation  des  ditonations 
iventuelles. 


Grace  k  cette  instrumentation,  aux  observations 
locales  et  k  1' ex  amen  post-mortem  des  maquettes  ou 
de  leurs  restes,  it  est  possible  d'effectuer  un  diagnostic 
fiable  des  tests. 


5  -  RESULT  ATS  EXTERIMENTAUX 

Les  risultats  obtenus  concemant  les  configurations  et 
compositions  pricidemment  dicrites  sont  les 
suivantes: 

5. 1.  Piles  de  neuf  petites  maquettes  (<t>  115  mm)  : 

Dans  ce  cas,  la  masse  totale  d'explosifs  est  de  l'ordre 
de  40  Kg. 

ORA  86  : 

Ditonation  totale  de  la  pile  en  moms  de  300 
microsecondes,  d'apris  le  film  rialisi  k  30000  images 
par  seconde  et  les  sondes  k  ionisation. 

B  2214  : 

Pas  de  ditonation  par  influence.  Les  huit  maquettes 
entourant  le  donneur  ont  pu  elre  retrouvies,  plus  ou 
moins  endommagies  dans  un  rayon  de  350  m.  Les 
maquettes  initialement  au  contact  du  donneur  (2,  5  et 
6)  itaient  iventries  avec  des  signes  de  combustion 
partielle.  Les  autres  ensembles  (3,  4,  7,  8  et  9)  itaient 
pratiquement  riutilisables  pour  un  autre  essai. 

B  3017  : 

Pas  de  ditonation  par  influence.  Memes  remarques 
que  pricidemment. 

B  2211  : 

Pas  de  ditonation  par  influence.  Memes  remarques 
que  pricidemment. 


L'uiiiisation  de  maquettes  avec  une  structure  mital- 
lique  plus  fine  (6  ou  3  mm)  ne  modi  fie  pas  les  risul¬ 
tats  de  non -ditonation  par  influence  pour  les  compo¬ 
sitions  B  2214  et  B  3017,  malgri  1' accroissement 
notable  des  vitesses  d'impact  (tableau  4).  Ce  fait  doit 
etre  virifid  pour  la  composition  B  2211. 


« 


Les  seuls  differences  significatives  consistent  en  des 
distances  de  projections  accrues  (jusqu'a  550  m)  et  un 
dommage  mdcanique  plus  important  des  maquettes 
receveuses. 


5.2.  Grosses  maquettes  (9  273  mm)  en 
configuration  DIR: 

Dans  ce  cas.  la  masse  totale  d'explosif  est  de  1'ordre 
de  75  kg,  en  fonction  des  densit£s  des  produits  testes. 

B  2211  : 

Detonation  par  influence. 


B  2214  : 

Pas  de  detonation  par  influence.  La  maquette 
adjacente  a  la  detonation  est  detruite  mecaniquement. 
Des  fragments  partiellement  brilies  d'explosif  sont 
retrouves  dans  un  rayon  de  100  m  environ. 
L’association  de  maquettes  inertes  contenant  deux 
concepts  de  relais  d'amorgage  nous  a  permis 
d  eiiminer  lors  de  ce  test  une  mauvaise  definition  de 
relais. 


5.3.  Piles  de  r.euf  grosses  maquettes  (<j>  273  mm): 

Seule  la  composition  B  2214  a  ete  teste®  dans  cette 
configuration.  Dans  ce  cas,  la  pile  e*ait  constituee  de 
huit  maquettes  comportant  au  total  280  kg  environ 
d  explosif.  associees  a  une  maquette  contenant  de 
l  inerte  In3  3  dans  la  pile). 

Pour  cet  essai,  deux  versions  de  B  2214  specialement 
colorees,  en  jaune  et  en  rouge,  ont  ete  eiabor6es  grace 
au  marquage  du  liant  avec  de  petites  quantites  de 
colorants.  Les  maquettes  2,  5  et  6  etaient  empties  de 
B  2214  jaune  et  les  maquetier  4  7,  8  et  9  de  B  2214 
rouge. 

Une  non  detonation  par  influence  a  ete  constates 
lore  de  ce  test.  Peu  de  B  2214  "jaune'  a  pu  etre 
retrouve  sur  le  terrain,  alore  que  de  grandes  quantites 
de  B  2214  rouge  etaient  dispenses  dans  un  rayon  de 
300  m  II  est  vraisemblabie  que  les  maquettes  2,  5  et  6 
ont  suhi  une  deflagration.  Seules  les  structures  des 
maquettes  3,  9  et  7  ont  pu  etre  retrouvees,  vides  et 
eventrees,  a  des  distances  supeneures  a  500  m. 


6  -  CONCLUSIONS: 

Nous  avons  pu  confirmer  en  vraie  grandeur  le 
caract&re  insensible  des  explosifs  composites  a 
i'ONTA.  Ces  produits,  associes  a  des  systfcmes 
d'amorgage  adaptes,  sont  d'excellents  candidats  au 
defi  pose  par  l’exigence  des  munitions  a  risques 
attdnuds  . 


L’effort  multidisciplinaire  d'envergure  engage  par 
SNPE,  avec  le  soutien  du  STT'F,  dans  les  differents 
niveaux  que  representent  la  synthfese  de  nouvelles 
molecules,  la  formulation  d’explosifs  composites, 
leurs  caracterisations  expdnmentales  et  la  modeiisation 
de  leurs  comportements,  porte  ses  fruits  et  doit 
permettre  d'assurer  le  rendez-vous  de  la  nouvelle 
generation  de  munitions  MURAT. 
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TABLEAU  1  :  COMPOSITIONS  (%  MASSIQUES) 


HMX 

RDX 

ONTA 

P.A. 

Alu. 

LI  ANT 

NIVEAU 

D’lMMUNITE 

ORA  86 

86 

i 

/ 

/ 

/ 

14 

2 

B  2211 

i 

20 

i 

43 

25 

12 

2/3 

B  2214 

12 

. 

/ 

72 

/ 

/ 

16 

..  - 

3 

B  3017 

/ 

/ 

74 

/ 

/ 

26 

3 

TABLEAU  2  :  PERFORMANCES  CARACTERIS TIQUES 


DENSITE 

VITESSE  DEW 
DETONATION 
(m/s) 

PRESSION  DE  (2) 
DETONATION 
(GPa) 

VITESSE  DE&) 
GURNEY 
(m/s) 

ORA  86 

1,71 

8380 

30,0 

2750 

B  2211 

1,80 

=  5600 

=  14,0 

/ 

B  2214 

1,63 

7440 

22,5 

2210 

B  3017 

1,75 

7780 

26,6 

2450 

1)  mesurees  en  4>  80  jnm  confind  3)  ddduites  de  reldvements  cylindriques 

2)  calculdes  par  PqD^/4  divergents  en  <£  80  mm  confind. 


TABLEAU  3  :  SENSIBIUTES  AUX  CHOCS 


INDICES  D' APTITUDE  A  LA  DETONATION  (IAD) 

I.A.D.  <t>  40  mm  (L.S.G.  T.)  <2> 

I.A.D.  <j>  75  mm  (E.L.S.G.T.)  <3> 

Nombre  0) 
de 

cartes 

Pression 
induite  max. 
(GPa) 

Epaisseur 
de  PM MA 
(mm) 

Pression 
induite  max. 
(GPa) 

ORA  86 

160 

5,0 

90 

3,5 

B  2211 

80 

10,0 

50 

8,0 

B  2214 

25 

14,5 

40 

9,5 

B  3017 

65 

11,0 

40 

10,0 

1)  une  carte  Franqaise  dquivaut  k  70/95  carte  US 

2)  Large  Scale  Gap  Test 


3)  Expanded  Large  Scale  Gap  Test 


TABLEAU  4 


VITESSES  D’ IMPACT  (m/s) 

POUR  UNE  EXPANSION  DE  25  mm 

EPAISSEURS 

mm 

COMPOSITIONS 

PETITES  MAQUETTES 

GROSSES  MAQUETTES 

12,5 

6 

3 

12,5 

B  2214 

1000 

a 

2050  * 

1250 

B  3017 

1130 

1720 

2370 

/ 

ORA  86 

1160 

/ 

/ 

/ 

B  2211 

950 

/ 

/ 

1200  * 

*  :  Estime 


FIGURE  1 


COURSES  D'ETALONNAGE  DES  TESTS  D'lAD  (<t>  40  =  LSGT,  <j>  75  =  ELSGT) 
LES  PRESSIONS  SONT  ESTIMEES  DANS  LA  BARR1ERE 


FIGURE  2 


CONTOURS  DE  PRESSION 


00  01 


RE  LAIS 


FIGURE  4 


ACIER  (12,5  oxi  6  cm  3mm ) 
- 1 


EXP  LOS  IF  INSENSIBLE 
M  #  4  kg 

$  90  mm  L§400  mm 


115  oxi  102  oxl  96mm 


•  MATERIA  U  AMORTISSANT 


EXEMPLE  DE  PETITE  MAQUETTE 


FIGURE  5 

RE  LAIS  ACIER  (12,5mm) 


EXPLOSIFS 
M  #  35  to  40  kg 
$  248mm  L#450mm 


273mm 


EXEMPLE  DE  GROSSE  MAQUETTE 


FIGURE  6 


d=25mm 


CONFIGURATION  BONN  EUR/ RECEVEUR  ET  PILE  DE  NEUF  MAQUETTES 

ACTIVES  (RELAIS  EN  PLACE) 


Discussion 

QUESTION  BY  VAN  DEB  STEEN.  THE  NETHERLANDS:  What  binder  did  you 
use  in  compositions  B2214  and  B3017? 


ANSWER:  For  B2214  it  is  a  chemical  HTPB  binder  and  for  B3017  it  is 
a  energetic  binder  where  a  polymer  is  plasticized  by  nitrate  esters. 
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1 4.  Abstract 

The  Conference  Proceedings  contains  the  23  papers  and  the  Technical  Evaluation  Report 
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Explosives  and  Gun  Propulsion  (6);  Rocket  Propulsion  (4)  and  Physical  Phenomena  Associated 
with  Insensitive  Munitions  (9). 

The  papers  presented  reflect  the  big  progress  made  in  understanding  and  characterizing  the 
response  of  energetic  materials  to  external  stimuli  such  as  shock,  fire  and  bullet  impact.  Small 
scale  testing  results,  statistical  data  and  approaches  to  numerical  modelling  are  reported.  The  need 
for  deeper  investigation  of  the  mechanisms  involved,  for  corroboration  of  the  statistical  results 
and  for  better  fidelity  criteria  ol  small  scale  testing  becomes  apparent.  The  NATO  Insensitive 
Munitions  Information  Center  (NIMIC)  recently  established  in  Brussels  is  charged  to  provide 
more  exchange  of  information  and  international  cooperation. 
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